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Naturally nanofluidics has applications demanding the samples to be handled in 
exceedingly small quantities due to the small size of the fluidic channels in nanofluidic 
devices, such as characterization of single biomolecules. Fluids confined in channels of 
nanometer characteristic dimensions exhibit physical behaviors not observed in large 
conduits. Charge properties of the nanochannel wall in contact with an aqueous solution 
play essential roles in the involved electrokinetic transport phenomena occurring in 
nanofluidic devices. In addition to tuning the charge properties of the nanofluidic channel 
wall by adjusting the solution properties such as pH and background salt concentration, 
field effect transistor (FET) with a gate electrode embedded beneath the nanochannel 
wall has been demonstrated to rapidly tune the surface charge condition and accordingly 
the electrokinetic transport phenomena in nanofluidic devices.
The first part of the dissertation develops a mathematical model for the charge 
properties of the nanofluidic channel and the electroosmotic flow (EOF) in a nanoslit 
gated by a FET. In contrast to the previous studies, surface chemistry is considered for 
the first time. The obtained results demonstrated that the surface charge property as well 
as the direction and magnitude of the EOF can be actively tuned by the FET. The 
performance of FET control is more sensitive when the pH and/or the bulk electrolyte
concentration is relatively low.
Since the nanofluidics - based biosensing is based on discriminating the ionic current 
or conductance signal, active control of the surface charge property and accordingly the 
ionic current/conductance in nanofluidics is investigated in the second part of the 
dissertation. An analytical model for the surface charge property and the ionic 
conductance in a FET - gated silica nanochannel is developed considering practical 
effects of surface chemistry reactions, multiple ionic species, the Stem layer, and the 
EOF. The results show that the performance of the FET control on ionic conductance is 
more significant when the background salt concentration and pH are low.
Experimental studies demonstrated that the streaming current in the nanochannel 
provides a simple and effective scenario for converting hydrodynamics to electrical 
power. The third part of the dissertation investigated streaming current in a pH-regulated 
nanochannel gated by FET. Analytical models for the streaming current/conductance 
with and without considering the electroviscous effects have been derived. The models 
take into account multiple ionic species, surface chemistry reactions, and the Stem layer 
effect. Results show the performance of the field effect modulation of the streaming 
conductance is significant for lower solution pH and salt concentration.
The last part of the dissertation extends the previous studies by considering the 
overlapping of the EDLs inside the nanochannel. The model takes into account the 
surface chemistry, Stem layer, multiple ionic species and the EDL overlapping effect. 
The model is validated by the existing experimental data of the ionic conductance in the 
silica nanochannel with significant EDL overlapping effect. Results from the model with 
and without considering EDL overlapping are compared.
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Inventions and advances of modem nanofabrication techniques, such as 
nanolithography techniques [10 - 17], sacrificial layer releasing method [18 - 23], etching 
and bonding/deposition [24 - 30], and nanomaterial-based techniques [30 - 37], enable 
the fabrication of nanofluidic devices with characteristic scale of below 100 nm [38 - 47]. 
The powerful nanofabrication techniques are able to fabricate nanofluidic devices with 
various nanoscale dimensions ranging from 1-D, 2-D to 3-D, which is based on the 
number of nanoscale dimensions in the geometry [48 - 53]. In addition, the present 
nanofabrication techniques can fabricate the nanofluidic devices with a variety of 
functional materials such as silicon, glass, quartz, polydimethylsiloxane (PDMS), and 
polymethylmethacrylate (PMMA) [54 - 64]. All these materials in contact with the 
aqueous solution are charge regulated, and their surface charge density and surface 
potential depend on the local pH and salt concentration in the vicinity of the surface [65 - 
69]. In other words, the charge properties of the nanochannel wall made of the 
aforementioned materials are not constant, and vary with the local solution properties [70 
-74].
Nanofluidics refers to the study and application of fluid flow confined in a 
nanochannel or nanopore with at least one characteristic dimension below 100 nm[75 - 
79]. Since its dimension is the same order of magnitude as the Debye length and the size 
of nanoparticles and biomolecules such as DNA and proteins, nanofluidics has very high 
surface to volume ratio resulted in dominant surface or interfacial forces over the
2
volumetric body forces [80 - 87]. This unique feature gives rise to the transport of ions, 
fluids, and (bio)particles in nanofluidics governed by the surface charges of the 
nanochannel and the nanoparticles, and ions and (bio)particles are selectively transported 
in charged nanochannels or nanopores [88 - 93]. Due to this feature, the interfacial 
electrokinetic transport phenomena have been widely used in the control and 
manipulation of fluids, ions, and (bio)particles in various nanofluidic applications. 
Nanofluidics has already found many novel applications including single molecule 
analysis such as the famous nanopore-based DNA sequencing [94 - 99], characterization 
of nanoparticles and biomolecules [100 - 102], water purification [103 - 105], sample 
preconcentration and separation [106 - 114], nanofluidic electronics such as nanofluidic 
transistors and diodes [115 - 123], nanofluidic computing [124], and nanofluidic energy 
storage and conversion [89, 125 - 130]. Owing to the nanoscale dimension in the 
nanofluidic devices, obvious advantages of the nanofluidic devices include the use of less 
reagents and solvents, less power consumption, and fast operation [131 - 138].
Due to the extreme importance of the electrokinetic transport phenomena in various 
nanofluidic applications, it is no doubt that fundamentally understanding the 
electrokinetic transport phenomena in nanofluidics is very valuable for the unprecedented 
development of nanofluidics, which is the main objective of the studies in this 
dissertation. The following subsection briefly describes the fundamentals of the 
electrokinetic transport phenomena occurring in nanofluidics.
1.2 Electrokinetic Transport Phenomena In Nanofluidics
Electrokinetic transport phenomena refer to a family of ionic mass transport, 
fluid/particle momentum transport, and charge transport processes. A common source in
3
these processes is the net charges accumulated within the electrical double layer (EDL) 
formed in the vicinity of a charged surface. Under an external electric field applied 
tangential to a charged surface, the interaction between the net charge within the EDL 
and the external electric field generates an electrostatic force acting on the fluid within 
the EDL and accordingly electroosmotic flow (EOF) [139 - 141]. Similarly, the 
electrostatic force acting on a charged particle under the influence of an external electric 
field induces electrophoretic motion of the particle relative to the surrounding fluid [139, 
142]. The motion of the net charge within the EDL driven by an external pressure-driven 
flow also induces electrical potential or current, which is called streaming potential or 
streaming current [139, 143, 144], Since the dimension of nanofluidics is the same order 
of magnitude as the EDL thickness, the so-called Debye length, electrokinetic transport 
phenomena dominate the ionic mass transport, the fluid/particle momentum transport, 
and charge transport within nanofluidics. The following subsections briefly describe the 
underlying physics of EDL, EOF, electrophoresis, and streaming current and potential 
and their applications in nanofluidics.
1.2.1 Electrical Double Layer
Most dielectric material in contact with an aqueous solution becomes charged. The 
origin of the charge will be discussed in Section 1.4. Due to the electrostatic interaction 
between the surface charge and ions within the solution, counter-ions will be attracted 
towards the charged surface, while co-ions will be repelled away from the charged 
surface. As a result, counter-ions dominate over the co-ions within a screening region in 
the vicinity of the charged surface, and the screening region is the so-called electrical 
double layer (EDL). Typically EDL is assumed to contain the Stem layer next to the
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solid/liquid interface and the diffusive layer beyond the Stem layer, as shown in Figure
1.1. The Stem layer only contains one layer of immobile counter-ions due to the strong 
electrostatic interaction between the surface charge and the counter-ions. Within the 
diffusive layer, counter-ions dominate over the co-ions, and both of them are mobile. The 
potential at the solid/liquid interface is called surface potential, while the potential at the 
Stem layer/diffusive layer interface is called zeta potential. Note that the surface potential 
is different from the zeta potential unless the Stem layer effect is neglected. The electric 
potential arising from the charged surface first reduces from the surface potential to the 
zeta potential within the Stem layer, and then exponentially decays within the double 
layer. Beyond the diffusive layer, the electrostatic effect arising from the charged surface 
is negligible and the net charge becomes nearly zero [80, 139, 145].
Figure 1.1 Schematics of electric double layer in the in the vicinity of surface bearing negative 





Stem layer Diffusion layer
Under equilibrium condition, concentration of the ith ionic species,Ci, can be 
described by the Boltzmann equation,
C, =C,0exP - ^ ! r )  , 0 -1)
where Ci0 and z, are the bulk concentration and the valence of the ith ionic species,
respectively; F , R and T  are the Faraday constant, universal gas constant and absolute
temperature, respectively; and if/ is the electric potential arising from the charged
surface, which is governed by the Poisson equation:
-Co*/v V  = A  • (1.2)
In the above, £0 and ef  are the absolute permittivity in vacuum and the relative 
permittivity of the aqueous electrolyte solution; and pe is the mobile space charge 
density,
Pe=YaFz>C> ’ (L3)i=l
where N  is the total number of ionic species present in the solution.
Substituting Equation (1.1) and Equation (1.3) into Equation (1.2), the Poisson- 
Boltzmann (PB) equation can be obtained to describe the electric potential distribution 
near a charged surface,
-£0£f V 2<F = z,Ci0 e xp ^ -^~ ~ - (1.4)
y
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If the absolute value of the valence of all species is equivalent, i.e. z = |z,| for 
i = l~  N , the PB equation can be simplified as
With k ~x = XD = Ĵe0ef RT l2 z 1F 1C0 being the Debye length, and CO being the bulk 
concentration of all counter-ions or co-ions.
based on which, the electrical potential decays exponentially away from the charged 
surface.
1.2.2 Electroosmotic Flow
Under an external electric field applied tangential to a negatively (positively) 
charged surface, the interaction between the external electric field and the net charges 
accumulated inside the EDL generates an electrostatic force driving the fluid toward the 
cathode (anode), as shown in Figure 1.2. The resulting fluid motion is called 
electroosmotic flow (EOF), which has been widely used in nanofluidics for fluid 
transport and drug delivery [111, 146 - 152].
(1.5)
if  M  sinh [ ——  | » , Equation (1.5) can be linearized by the Debye-
1 1 zF { RT J RT
Huckel approximation [139]
V V  = K 2y / ( 1.6)
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Figure 1.2 Schematics of EOF in a nanochannel bearing negative surface charge.
The EOF of the incompressible electrolyte solution can be described by the Navier- 
Stokes (NS) equations
V-u = 0 , (1.7)
and
'd u  ' = -V p + fN  u+/OeE . (1.8)
In the above, u is fluid velocity, t is time, p  is the fluid density, p is the pressure, 
p  is the dynamic viscosity of fluid, and E is the applied electric field. The last term in 
Equation (1.8) represents the electrostatic force for the EOF, which is the interaction 
between the net charge density and the external electric field.
When the distortion of the EDL by the external electric field and the induced fluid 
motion is neglected, for a steady, fully developed EOF without external pressure 
gradient, the z-component EOF velocity u., can be simplified as
d 2ux d 2if/
where Ez is the z-component electric field externally applied.
1.2.3 Electrophoresis
Electrophoresis refers to the motion of charged (bio)particles (such as DNA and 
proteins) suspended in an aqueous solution under an externally applied electric field. For 
example, negatively (positively) charged particles move toward anode (cathode). EDL 
also forms in the vicinity of the charged particle, as shown in Figure 1.3.
Figure 1.3 Schematic o f a DNA nanoparticle translocation through a nanopore by electrophoresis. 
Adapted with permission from Ref. [2].
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Electrophoresis refers to the motion of charged (bio)particles (such as DNA and 
proteins) suspended in an aqueous solution under an externally applied electric field. For 
example, negatively (positively) charged particles move toward anode (cathode). EDL 
also forms in the vicinity of the charged particle, as shown in Figure 1.3. The net charges 
within the EDL of the charged particle are opposite to the charge of the particle. Under an 
external electric field, the direction of the electrostatic force acting the charged particle is 
opposite to that acting on the fluid within the EDL of the particle. Therefore, the 
hydrodynamic force acting on the particle, which arises from the fluid motion within the 
EDL of the particle, is opposite to the electrostatic force acting on the particle. When the 
two forces are balanced, steady electrophoretic velocity, Up, results. The electrophoretic 
mobility of the charged particle is defined as ratio of electrophoretic velocity Up to 
applied electric field E ,
Electrophoresis has been widely used to separate, pump and characterize 
biomolecues and colloidal nanoparticles in nanofluidics. For example, in the famous 
nanopore-based DNA sequencing technology [94 - 99] as schematically shown in Figure
1.3, negatively charged DNA electrophoretically translocates through the nanopore from 
the cathode reservoir toward the anode reservoir, and alters the ionic current flowing 
through the nanopore. Typically the nanopore wall is also negatively charged, resulting in 
EOF toward the cathode reservoir. The steady translocation velocity of the DNA inside 
the nanopore is determined by balancing the hydrodynamic force arising from the EOF 
and the electrostatic force exerted on the DNA, which stems from the interaction between 
the applied electric field and the negative charge on the DNA. In addition,
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(bio)nanoparticles can be separated by electrophoresis based on their difference in 
charges [153 - 156].
1.2.4 Streaming current and potential
When an electrolyte solution is pumped through a charged nanochannel or nanopore 
by a pressure-driven flow (PDF), the excess counter-ions within the EDLs of the charged 
nanochannel will move with the pressure-driven flow towards the downstream. Due to 
the transport of counter-ions from the upstream to downstream of the nanofluidic 
channel, concentration of counter-ions at the downstream of the nanofluidic channel will 
be higher than that at the upstream of the nanofluidic channel. The unbalanced 
concentration of counter-ions at both ends of the nanochannel induces streaming 
potential, Ustr [143, 144, 157], as shown in Figure 1.4.





Figure 1.4 Schematic o f  streaming current and streaming potential o f  a nanochannel. Adapted 
with permission from Ref. [3].
The interaction between the induced electric field arising from the induced streaming 
potential and the net charges within the nanochannel also generates an EOF, the direction 
of which is opposite to that of the PDF. Therefore, the net flow is reduced, and this 
phenomenon is called the electroviscous effect because the liquid appears a higher 
viscosity in the vicinity of the charged nanochannel [158 - 160]. In addition, the motion 
of the net charges within the nanochannel by PDF generates streaming current, Istr. The 
induced streaming potential also generates conductive current, ICOnd, the direction of 
which is opposite to that of the streaming current. Because of the open circuit, the total 
current is zero, Islr+Imnd = 0  [139].
Streaming potential/current has been used to determine the surface charge properties 
such as surface charge density and zeta potential of unknow samples [161]. For example, 
the streaming current meter becomes a widely adopted instrument to measure the charge 
of particles suspending in liquid [162, 163]. Studies have demonstrated that the streaming 
current generated by the PDF in the nanochannel provides a simple and effective means 
for converting hydrodynamics to electrical power [3, 6, 124, 164,165]. This clean energy 
harvesting system using nanofluidics might open a new way for the development of 
renewable energy resources [124].
1.3 Field Effect Control of Charge Property of Channel Wall
In addition to regulate the surface charge property o f a solid/liquid interface by 
timing pH and salt concentration, one can actively control it by using the engineering 
method, field effect transistor (FET), as schematically shown in Figure 1.5. The FET 
consists an electrode, called a gate electrode, deposit beneath a thin dielectric film in 
contract with an aqueous solution. Note that the gate electrode and the liquid are
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separated by a thin dielectric material typically made of SiC>2 . A potential, called gate 
potential, is applied to the gate electrode. The surface potential at the dielectric 
solid/liquid interface varies with the applied gate potential. Since the electrokinetic 
transport phenomena in nanofluidics are highly dependent on the surface potential, one 
can control the electrokinetic transport within nanofluics by tuning the gate potential. 
Figure 1.5a depicts the first nanofluidic FET fabricated by Kamick and his co-workers 
[4]. In the nanofluidic FET, fluid flows through the nanochannel by either EOF subject to 
an external electric field parallel to the nanochannel wall or a pressure-driven flow. The 
surface potential at the oxide/liquid interface is regulated by the imposed gate potential, 
Vg. In the absence of the FET control, the native surface potential is negative, and the 
nanochannel is predominated by positive ions. When a positive gate potential is applied, 
the magnitude of the negative surface potential decreases, resulting in lesser positive ions 
and more positive ions inside the nanochannel comparing to the case for Vg=0. If the 
positive Vg is sufficiently high, the surface potential might change to positive, and the 
nanochannel will be mainly occupied by negative ions. In contrast, when a negative gate 
potential is applied, the oxide/liquid interface will become more negatively charged, 
resulting in more positive ions and less negative ions inside the nanochannel. The change 
of the surface potential yields the change of the net charge and accordingly the 
conductance and EOF inside the nanochannel. Recently, FET has been used to actively 
control the EOF [116, 166 - 168], ionic conductance [169 - 171], streaming conductance 
[172, 173], ionic current rectification [174], and the motion of (bio)particle (such as 
DNA) inside the nanofluidics.
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Figure 1.5 Schematics o f a nanofluidic field effect transistor. Modulation o f  the charge property 
on the nanopore/liquid interface leads to a redistribution o f the ionic concentrations inside the 
nanopore. Adapted with permission from Ref. [4],
To illustrate the mechanism of the FET control on the surface potential, we consider 
an aqueous electrolyte solution in contact with a dielectric layer of thickness, S , outside 
which a gate potential, Vg, is imposed. A Cartesian coordinate system with the origin
located at the solid/liquid interface is used, as shown in Figure 1.6a. Assuming that the 
surface chemistry reaction and effect of the Stem layer are neglected (i.e. the surface 
potential y/s equals the zeta potential C, ). The electric potential distribution within the
dielectric layer and liquid can be described as Laplace equation and Poisson-Boltzmann 
equation, respectively,
j 2 t
—Y  =  0 within the dielectric layer ( -<? < x < 0 ) 0 -H)
dx
. f ^ U- sinhl I within the liquid phase ( x > 0  ). 
dx2 zF { RT )
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( 1 . 1 2 )
with the following boundary conditions:
<p = Vg at x = -  6 ,
(p = \j/ = £  at x = 0 ,
d y  dq>£0£f  —— e0sd at x = 0 ,
dx dx






Equations (1.11) and (1.12) can be solved subjected to Equations (1.13), (1.14) and 
(1.16),
<P = ( C - v gX - ) + £  
S
2 RT,y/ =  In
Fz
FzC
1 + exp(-/ct) tanh(__j^)




Substituting Equations (1.17) and (1.18) into Equation (1.15), one got
2 £0£f KRT
zF
. Fz£ X ~ vs .
2RT £»£d{~ ~ s ^  = a$ ‘
(1.19)
Assuming the surface charge density is ers = -10 "4 C/m 2 [175], the thickness of the
dielectric layer is S = 30 nm , and only K+ and Cl' exist in the KC1 background electrolyte 
solution with z = 1. Equation (1.18) can be easily solved using Matlab function fzero to 
obtain the zeta potential at different gate potential. When the bulk concentration of KC1 
aqueous solution is C0 = 0.1 mM , the effect of gate potential V on zeta potential C, is
shown in Figure 1.6b. Obviously, one can tune both sign and magnitude of the zeta
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potential by the applied gate potential. Note that this simple analysis used a constant 
surface charge density at the oxide/liquid interface, and neglect the Stem layer effect and 
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Figure 1.6 (a) Schematic FET o f the ionic distribution near a planar surface, (b) Zeta potential as 
a function o f the applied gate potential, e/ = 80, ed = 3.9, 8 = 30nm, as = -10"4 C/m2, C0= O.lmM.
1.4 Surface Chemistry on the Surface of Channel Wall
When a dielectric material (e.g., SiC>2 , SiNx, and AI2O3) in contact with an 
electrolyte aqueous, it becomes charged due to the dissciation/association of the 
functional groups [ 6 6  - 6 8 ]. The degree of reaction and thus the surface charge density 
due to the surface chemistry reactions depend on the site density of the functional groups, 
local pH and ionic concentrations, and this phenomenon is referred as charge-regulation 
[65-69].
Assuming the dielectric channel wall bears dissociable functional groups MOH , the 
following protonation/ deprotonation reactions with equilibrium constants K A and K B
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occur at the oxide/liquid interface:
MOH <r> MO" +H+ (1.20)
MOH + H+ MOH2+ ( 1.21)
Based on the above surface chemical reactions, the equilibrium constants can be 
described as
where TMOH, TM(r , and r M + are the surface site densities of MOH, MO , and
MOH 2 , respectively, and [H+]J is the molar concentration of H+ ions at the solid/liquid 
interface.
If the total number site density of the functional groups MOH on the dielectric 
channel surface is Ntolal = r MOH + Tmo_ + r M , the surface charge density of at the
interface, crs , can be expressed as [176],
where pKj =-log Kj ( j  = A  and B). Equation (1.24) shows that the surface charge
density is not a constant, and it depends on the total site density of the functional group, 
Ntotal, the reaction constants, KA and Kb, and the proton’s concentration at the interface. 
The latter depends on the bulk pH when the proton’s concentration is governed by the 
Boltzmann distribution.
In contrast to the existing studies on analysis of the FET control of electrokinetic 
transport in nanofluidics, which neglected the surface chemistry effect and used a
MOH ( 1.22)
/ O moh[H+U (1.23)
MOH- (1.24)
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prescribed constant surface charge density on the nanochannel wall regardless of the 
solution properties, the studies in this dissertation take into account the surface chemistry 
and the obtained results clearly demonstrate the importance of the surface chemistry on 
the regulation of the electrokinetic transport phenomena in a nanofluidics gated by FET.
1.5 Objectives and Organization of the Dissertation
Comprehensive understanding the underlying physics of the electrokinetic transport 
phenomena in nanofluidics is essential to develop and apply the nanofluidic technology 
for the growing applications. Since the electrokinetic transport phenomena are highly 
dependent on the surface charge properties of the solid/liquid interface [69, 177, 178], 
which can be actively controlled by the nanofluidic field effect transistor (FET) [4, 179 - 
181], this dissertation will focus on the analysis of the FET control of the electrokinetic 
transport phenomena in nanofluidics. In contrast to the previous studies in which several 
limited assumptions were taken, such as without considering the surface chemistry at the 
channel wall [5, 182-189], only consideration of the background ionic species [5, 176, 
182 - 192], and without considering the Stem layer and EOF effects [5, 176, 182 - 189, 
191, 192], the objectives of this dissertation are to develop more general analytical 
models for the electrical double layer, EOF, ionic conductance and streaming 
conductance in nanofluidics gated by FET with the consideration of the surface 
chemistry, multiple ionic species, Stem layer, and even overlapping of EDLs. The 
developed analytical models are verified by experimental data available in the literature. 
The verified analytical models would be valuable for accurately predicting the 
electrokinetic transport phenomena in a FET-gated nanofluidics without using the full 
numerical simulations, and can serve as design tools for the next generation FET-gated
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nanofluidic devices.
The rest of this dissertation is organized as the following. Chapter 2 proposes and 
analyzes a floating gate field effect transistor (FGFET) for tuning surface charge 
property. Chapter 3 investigates the surface charge and electroosmotic flow in a FET- 
gated nanoslit by taking into account the surface chemistry and multiple ionic species and 
neglecting the Stem layer effect. Chapter 4 extends the model described in Chapter 3 by 
further taking into account the Stem layer effect, and investigates the ionic 
current/conductance under an external electric field. Chapter 5 develops the analytical 
model for the streaming current/conductance in nanofluidics under a pressure-driven flow 
without considering the electroviscous effect. However, other factors such as surface 
chemistry, multiple ionic species, and the Stem layer are considered in this study. 
Chapter 6  extends the study in Chapter 5 by taking into account the electroviscous effect. 
The studies from Chapters 3 to 6  do not consider the overlapping of the EDLs. Therefore, 
Chapter 7 extends the model in Chapter 4 by considering the EDL overlapping. Similar 
methodology can be used to extend the model in Chapter 6  for streaming 
current/conductance when the EDLs are significantly overlapped. Chapter 8  concludes 




TUNING SURFACE CHARGE PROPERTY BY FLOATING GATE 
FIELD EFFECT TRANSISTOR
2.1. Introduction
Electrokinetic manipulation of ions, fluids, and particles by the use of electric field 
has been widely used in various micro/nanofluidic applications [145, 193, 194]. Since the 
electrokinetic transport phenomena highly depend on the surface charge property of the 
object in contact with an aqueous solution, one could modulate the zeta potential and 
accordingly the electrokinetic transport by an ionic field effect transistor (FET) [118, 184, 
195 - 199]. In the conventional FET, a gate potential, Vg, is applied to a control gate 
electrode patterned on the outer surface of the dielectric channel wall. However, the 
floating gate field effect transistor (FGFET) to now has not been used to tune the surface 
charge property for controlling the electrokinetic transport phenomena in 
micro/nanofluidics. The structure of the FGFET is similar to the conventional FET except 
that an electrically isolated floating gate electrode is embedded inside the dielectric 
material. For the first time, a proposal to tune the surface charge property is made as well 
as the electrokinetic transport phenomena in micro/nanofluidics by the FGFET, and a 
theoretical investigation to its feasibility.
2.2. Theoretical Analysis
Figure 2.1 schematically depicts a planar FGFET in contact with a semi-infinite 
aqueous electrolyte solution of relative permittivity £f. The FGFET includes from left to 
right a control gate; the left dielectric layer of thickness, Si, and relative permittivity, El; 
a floating gate (FG) of thickness, Sfg, and relative permittivity, 8 fg; and the right
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dielectric layer of thickness, Sr, and relative permittivity, e r . A gate potential, Vg, is 
applied to the control gate electrode. It is assumed that the distributions of the electric 
potential and the ionic concentrations are uniform along the planar surface. Therefore, the 
theoretical analysis can be simplified to ID. The origin of the x-axis was chosen at the 
solid/liquid interface, and the x-axis is perpendicular to the planar surface. By neglecting 
the effect of the stem layer, the electric potential at the solid/liquid interface is the zeta 
potential of the planar surface, C It is assumed the dielectric material in contact with the 
aqueous solution bears a uniform surface charge density of <rw.
’FG
o
Figure 2.1 Schematics o f a FGFET to tune the surface charge property o f  a planar surface in 
contact with an aqueous solution. The curve line schematically depicts the potential distribution.
The potentials inside the left dielectric material, FG, and the right dielectric layer, <|>j 
(j=L, FG, and R), are governed by the Laplace equation. The electric potential within a 
binary electrolyte solution, if/, is governed by the Poisson-Boltzmann equation [194],
where z = |z,|; Ad = k x = yje0ef R T !2 z2F 2CQ is the EDL thickness; Eo is the absolute
permittivity of vacuum; F  is the Faraday constant; R is the universal gas constant; T is the 
absolute temperature of the electrolyte solution; z, is the valence of the zth ionic species; 
and Co is the bulk concentration.
Far away from the charged planar surface (i.e., x—>0 0), the potential and electric field 
inside the aqueous solution are zero. The electric potential is continuous at the interface 
of the right dielectric material and the fluid, and the electric field satisfies Gauss’s law,
di//(x = 0) _  d<f>R(x =  0) _
£ 0£ f  , £ 0 £ R , ~ • (2-2)dx dx
Similarly, the potentials at the interfaces between FG and the adjacent dielectric 
layers are continuous and satisfy Gauss’s law. At the gate electrode,
h  (-*• =  ~8r — SFC —dL) = Vg .
When i / / « R T j z F ,  the exponential in Equation (2.1) can be linearized as 
exp {-zFy/1 RT) «1 — zFyz/RT , and the zeta potential of the planar surface is derived as
cr
f  \
V S R £ FG J
+  £ 0 £ L V g
£0£L+£0£flC R FG  ' WL
V R £ FG
Equation (2.3) clearly shows that the zeta potential is linearly proportional to the 
externally imposed gate potential, Vg, when C, « R T / z F . Therefore, one could tune the 
zeta potential and accordingly the electrokinetic transport phenomena by active control of
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the gate potential. The degree of the field effect also depends on the thickness and 
electrical property of each layer of the FGFET, the Debye length which depends on the 
ionic bulk concentration, and the intrinsic surface charge density, a w.
When y /> R T /zF , Equation (2.1) can be further derived as the Gouy-Chapman 
solution [139]. After substituting potential distributions of vp and <J>r into Equation (2.2), 
an implicit equation relating the zeta potential to the applied gate potential is derived as
2r t - 2 k ^ ^ )
S0£f  F f  eoeL r  _ — - (2.4)
Fz l- ta n h 2( ^ )  ^ S R + ^ S FG+SL
4RT br eFG
One can easily use MATLAB function fzero to determine £  f°r given values of other 
parameters.
>  14
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Figure 2.2 Zeta potential as a function o f the relative permittivity o f  the FG material.
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2.3. Results and Discussion
To demonstrate the advantages of the FGFET over the conventional FET, we 
consider 10 mM KC1 as the bulk ionic solution and the dielectric layers are made of 
silicon dioxide unless otherwise noted. The relative permittivities of the fluid and the 
silicon dioxide layers are, respectively, e/=  80 and el = £r  =3.9 (silicon dioxide). The 
FGFET becomes the conventional FET when efg = £r- The relative permittivity of
the FG, efg —> °°, if the FG is made of a metal such as gold. Figure 2.2 depicts the zeta 
potential as a function of the relative permittivity o f the FG, efg, when Vg=+2 V, Sl = 
Sfg^  =10 nm, and aw = 0. The zeta potential rapidly increases with efg when the latter 
is relatively low, and saturates when efg exceeds a certain threshold value. The relative 
change of the zeta potential is less than 1% when efg ^ 200. Therefore, in the following 





Figure 2.3 Zeta potential as a function o f gate potential for the dielectric layers made o f  silicon 
dioxide (solid and dashed lines), silicon (solid and dashed lines with circles), and pyrex glass 
(solid and dashed lines with triangles).
Figure 2.3 depicts the zeta potential as a function of the gate potential for three 
different dielectric materials, silicon dioxide (el= er = 3.9, solid and dashed lines without 
symbols), silicon (el= er = 4.7, solid and dashed lines with circles), and pyrex glass (sl= 
er = 11.7, solid and dashed lines with triangles) when aw = 0 and Si = Sfct2 Sr =10 nm. 
The solid and dashed lines represent, respectively, the zeta potentials timed by the 
FGFET using £ f g =200 and the conventional FET (i.e., efg = £/.= er). When the control 
gate is also floating, the zeta potential of the uncharged surface is zero. For dielectric 
layers made of silicon dioxide (solid and dashed lines), the zeta potential can be 
modulated by the conventional FET from -36.69 mV to +36.69 mV for Vg varying from 
- 8  V to + 8  V. The originally uncharged surface becomes positively charged for Vg> 0 
and negatively charged when a negative gate potential is applied. In the presence of a 
metallic FG, the zeta potential can be modulated from -50.61 mV to +50.61 mV for Vg
varying from - 8  V to + 8  V. For Vg= ± 8  V, the magnitude of the zeta potential regulated 
by the FGFET is about 38% higher than that by the conventional FET. For both the 
conventional FET and the FGFET, the field effect is more significant for the dielectric 
layers with higher permittivity. Under all the other same conditions, the field effect by the 
FGFET is always more significant than that by the conventional FET.
2.4. Conclusions
Tuning the surface charge property by the FGFET has been proposed and 
theoretically analyzed. Different from the conventional FET, the FGFET contains a 
floating gate embedded inside the dielectric layer. Since the relative permittivity of the 
floating metallic gate is much higher than that of the surrounding dielectric layers, the 
FGFET is more sensitive than the conventional FET to modulate the surface charge 
property of a dielectric material in contact with an aqueous solution. An implicit 
expression relating the zeta potential of a planar surface to the gate potential has been 
derived.
CHAPTER 3 
FET CONTROL OF CHARGE AND EOF
3.1. Introduction
With recent advances in nanofabrication techniques [200 - 202] and growing interest in 
sensing single molecule by nanofluidic-based devices [202 - 205], more clearly 
understanding how to control the transport of ions, flow and particles through biological and 
synthetic nanopores has attracted significant attention over the past decade. It is generally 
accepted that in nanofluidics, ion transport and accordingly the electrokinetic-driven flow 
depend highly on the surface charge property on the nanochannel, especially when the 
thickness of double layer is comparable to the nanochannel width [206]. Several attempts 
have been made on the modulating the surface charge property on nanopores, including, for 
example, adjusting the pH and chemicals in aqueous solution [207, 208] as well as surface 
modification via chemically or physically grafting functional groups to the wall [209, 210]. 
Among these, however, there are no methods flexible and capable of rapidly tuning the 
surface charge on the nanopore.
Recently, a fluidic field effect transistor (FET) [4, 197], referring to the 
micro/nanochannel embedded with an electrically controllable gate electrode, has been 
demonstrated feasibly to simply and rapidly tune the surface charge condition and the 
direction of electroosmotic flow in micro/nanofluidics [4, 5, 176, 186, 187, 197, 211 - 214]. 
In the field effect control of surface potential, an electric bias called gate potential is applied 
perpendicular to the gate electrode surrounding the outer surface of the dielectric channel 
wall. Note that the gate electrode and the liquid inside the micro/nanochannel are separated 
by an electrically insulating layer, material of dielectric layer, such as silicon dioxide (SiC>2).
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The surface of gated dielectric channel wall in contact with an aqueous solution is often 
assumed bearing a negative surface according to its dissociation/association constant. 
Depending upon different manufacture process, the point of zero charge (PZC) for Si02 
ranges from 2 to 3.5 [215]. Since the silanol groups (S i-O H ) on the SiC>2 surface are 
deprotonated to produce Si-CT when the pH is higher than PZC, the SiC>2 surface in 
contact with an aqueous solution is negatively charged and depends largely on the pH of 
liquid phase [6 6 ]. Previous theoretical studies, however, are almost always based on that the 
charge condition on the gated solid/liquid interface is constant surface charge density [186, 
187] or even uncharged [5, 176, 214]. These assumptions, although they make the 
mathematical treatment easiler, are inaccurate and unrealistic in practice. Therefore, 
extending the conventional analyses to take the effect of the pH of liquid phase into account 
that might be significant in practice is highly desirable.
In this study, a charge-regulated model is performed to investigate the surface charge 
property and electroosmotic flow in a pH-tunable nanofluidic FET by considering the 
presence of multiple ionic species into account. Approximate expressions are developed 
including analytical and implicit solutions, to predict the effect of applied gate potential, and 
the pH and bulk ionic concentration of liquid phase on the zeta potential of the FET surface 
and the electroosmotic flow velocity. A good agreement between the present charge- 
regulated model and the available experiment results in the literature is found.
3.2. Theoretical Analysis
Referring to Figure 3.1(a), a steady flow of an aqueous electrolyte solution of relative 
permittivity ef  is considered within a nanofluidic field effect transistor (FET). The FET 
includes a gate electrode, which is consisted of a dielectric layer of thickness, S ,  and
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relative permittivity, sd . A uniform electric field Er of strength E, parallel to the surface of 
the FET, along the z-direction, is applied to drive the steady electroosmotic flow (EOF) of 
electrolyte solution. A gate potential on the gate electrode, V , is applied to tune the surface
potential of FET, then in turn controlling the EOF and the accordingly electrokinetic 
transport phenomena.
iEOF
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Figure 3.1. (a) Schematic illustrating the regulation o f  the electroosmotic flow by a nanofluidic field 
effect transistor (FET). (b) Schematic representation o f  the problem under consideration.
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The following is assumed: (i) The liquid is incompressible and the flow field is in the 
creeping flow regime; (ii) The effect of stem layer is neglected so that the electric potential 
at the solid/liquid interface of the FET is the zeta potential of the planar surface, C, ; (iii) The 
planar surface of dielectric material in contact with the aqueous solution bears a uniform 
surface charge density of a w, which exists a charge-regulated nature as will be explained
later [216]; and (iv) The effect of double layer overlapping in the nanochannel is 
insignificant so that the present problem can be simplified to the case of planar FET in 
contact with a semi-infinite aqueous electrolyte solution, as illustrated in Figure 3.1b. This is 
reasonable if the Debye length (or the thickness of double layer k ~x ) is much smaller than 
the half width of the nanochannel, that is, XD = k ~] «  W , which is not uncommon in
practice. For example, the background electrolyte concentration in experiments is typically 
in the range of 1-1000 mM [5, 186, 208, 217], and therefore, the Debye length ranges from
9.6 to 0.3 nm [206], which is very thin relative to most of W. With these considerations, the 
distributions of the electric potential, the ionic concentrations, and the flow field of the 
liquid are uniform along the z-direction. This implies that the analysis under consideration 
can be simplified to one-dimensional. A Cartesian Coordinate system (x, z) with the origin 
located at the solid/liquid interface of the FET.
If the flow of a general electrolyte solution containing N  kinds of ionic species is 
considered, the electric potential inside and outside the dielectric material (region I and II), 
which are respectively governed by the Laplace equation and the Poisson-Boltzmann 
equation, and the flow field can be described by
V V  = 0, in region I (2.1)
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X  Fz,C,a exp(-~— ), in region II (2.2)
V2m = —-/T .is,, in region II 
F
(2.3)
Here, (p is the electric potential inside the dielectric layer, iff is that within the liquid phase, 
and u is the fluid velocity in the z-direction; V2 is the Laplace operator; s0 is the absolute 
permittivity of vacuum; pe is the net space charge density; zt and Ci0 are the valence and 
the bulk concentration of ionic species i , respectively; F, R, T, and p  are the Faraday 
constant, the universal gas constant, and the absolute temperature and viscosity of the 
electrolyte solution, respectively.
For a general case of symmetric z\\z-i background electrolyte solutions with z\ and zj 
being the valences of caitons and anions, respectively, Equations (3.1) - (3.3) can be 
rewritten by
d 2cp— Y = 0, in region I 
dx
(3.4)
J?T •> zFw 
—  =  k  sinh(— —), in region II 
dx2 KRT B
(3.5)




where z = z, = - z 2; C0 = C10 = C20; kD = k 1 yjef £0RT / 2z2F 2C0 is the Debye length (or
electric double layer thickness).
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Suppose that the surface of a gate electrode ( x = - S ) is imposed at a constant gate 
potential V . Then, if the planar surface of the FET in contact with aqueous solution is non­
slip, the boundary conditions associated with Equations (3.4) - (3.6) are
<P = Vg at x — —8
<p = y/ = £  at x = 0
dxj/ dq>eQsf - ^ - - £ 0£d —  = -crw at x = 0  
dx dx
w = 0  and —̂  = 0  as x -> oo 
dx
u = 0  at x = 0







Equations (3.8) and (3.9) implies that the electric potential is continuous at the solid/liquid 
interface of the FET, but the electric field is not continuous due to the discontinuity of the 
electric permittivities at that interface, where the electric field satisfies Gauss’s law.
Solving Equations (3.4) and (3.5) subject to Equations (3.7), (3.8), and (3.10) yields
P =  ( C - V gX j )  +  C
2 R T t 
ys=— ~\n  
Fz
1 + exp(-A:x) tanh( )
v 4 RT




Note that Equation (3.14) is the well-known Gouy-Chapman solution for the planar surface 
system.
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By substituting Equation (3.14) into Equation (3.6) and solving the resultant equation 
subject to Equations (3.11) and (3.12), the following relation between the flow velocity u 
and the zeta potential ^  is obtained.
*o ef E £u = 4w„ tanh 1 tanhf —Ẑ- |exp(-KTx) 
\ 4 R T J v ;
(3.15)
where ur - { s 0sf Ez I pi%RT / Fz) is the magnitude of the Smoluchowski electroosmotic 
velocity.
Typically, due to the protonation/deprotonation surface reactions often occurring on the 
dissociably functional groups of the solid/liquid interface of the FET, this dielectric layer 
surface reveals a charge-regulated nature when it is in contact with an aqueous solution. 
This means surface charge properties of the FET solid/liquid interface depend largely on the
solution properties such as its pH and ionic concentration. To simulate this kind of problem,
we assume that the following two main dissociation/association reactions occur on that 
solid/liquid interface:
MOH «-> MO” + H+ (3.16)
MOH + H+ MOH2+ (3.17)
If we let Ka and Kb be the equilibrium constants associated with these reactions, then
_ ^ - [ H UKa = ~ — — -  (3.18)
•̂ MOH
N  *
K =  m o l  (3 .19)
J W H +L
where NM(m, Nmq_ , and ÂMOH . are the surface site densities of MOH, MO“ , and MOH2+ , 
respectively; [H+]v is the concentration of H+ on the solid/liquid interface surface of the
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FET. If we let Ntoal = NMOH + Nmq_ + jVmqh , be the total number site density of MOH
molecules on the solid/liquid interface surface, then assuming the spatial variation of H+ 
following the Boltzmann distribution and combining Equations (3.18) and (3.19), and the 
relation of crw = ~F(Nmq_ - N  ) gives
a = - F N ,total
k a - k b [H+]0exp -
RT
Ka +[ H+]0exp f + KdI RT J [H* ] . e x p ( - f )
(3.20)
where [H+ ] 0 is the bulk concentration of H+. By substituting Equations (3.13), (3.14), and
(3.20) into Equation (3.9) yields the following implicit equation relating the zeta potential, 
C, , to the externally imposed gate potential, V , the electric property and thickness of
dielectric layer, ed and S , the physicochemical interface properties of dielectric layer, KA, 
KB, and N tolal, the Debye-Hiickel parameter, k , which depends on the bulk ionic 
concentration, C0, and the pH value of the liquid phase (pH = -log([H+]0) .
2 ene fKRT
r ------- Sinh(T ^ ) + S°£* ^ :zF 2RT o
-FN,total
2
\  K1 J
[H+ ] 0 exp ( — —
I R T J
2
(3.21)
One can easily use, for example, MATLAB function fzero to determine £  for giving 
appropriate values of other parameters. By substituting C, obtained into Equations (3.14) 
and (3.15), we obtain the spatial distribution of if/ and u .
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In general, Equation (3.21) needs be solved numerically. However, when considering the 
case of low surface potential, that is, ^  « R T / z F , then Equations. (3.14), (3.15), and
(3.21) can be reduced to
y/ = £  exp(-/cc) (3.22)
= f 2 f ^ [ e x p ( - / r x ) - l ] (3.23)
£ - V
+  £0£d ( e  ̂= -FN.total Q  + kR T j
n  t Q([H+]0+ n )  
Q Q 2
(3.24)
where C1 = KA +[H + ] 0 + A's [H+]02, 0  = * , - * s [H+y ,  and n  = 2 ^ [ H +]02. Solving+ 1 2
Equation (3.24), results in
s0£f KS + £0ed +SFNlolal
RT
n  | d?([H+]0 + n )
Q Q 2
(3.25)
Under the Debye-Huckel approximation (i.e. £ « R T / z F ) ,  Equation (3.25) clearly 
shows that, in addition to the behavior that C, is linearly proportional to the externally 
imposed gate potential, Vg, it also depends on lots o f parameters given such as ed , S , Vg
, K a , K b , N lolal, and [H+ ]0. This implies that the degree of the field effect depends 
largely on the surface properties and material of the dielectric layer, and the pH and bulk 
ionic concentration of the liquid phase. Once £  is known, y/ and u can be easily 
evaluated by Equations (3.22) and (3.23), respectively.
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3.3. Results and Discussion
3.3.1. Verification of Model by Numerical Solution
To demonstrate the performance of the present charge-regulated models, including zeta 
potential, Equations (3.21) and (3.25), and the associated electroosmotic velocity profile, 
Equations (3.15) and (3.23), were examined by comparing the predicted results with the 
corresponding exact results by solving Equations (3.1) - (3.3) numerically. For illustration, 
we consider the monovalent background electrolyte solution, such as KC1 where z=l, and 
the dielectric layer is made of silicon dioxide where sd - 3.9, Nlolal = 8x l0 '6 mol/m2, 
pKA -  6 .8 , and pK B = 1.9 .[218] Note that pK  = — log10 K . Also, the relevant physical 
constants are £^=80 ,  e0 =8.854xlO"12 C V 'm '1, J?=8.314 JK'moT1, T=298 K, /7 = 1 0 ‘3 
kgm'V1, and F=96490 Cmof1.
Figures 3.2 - 3.5 depict the variations of the zeta potential C, at various combinations of
the pH value, the bulk ionic concentration C0 and the applied gate potential Vg. Both the
results based on Equation (3.21) (discrete empty symbols), where only background 
electrolyte ions, K+ and CT, are considered, and the corresponding exact numerical results 
based on Equations (3.1) and (3.2) (lines), where four major kinds of ions, including K+, Cl', 
H+, and OH', are all considered, are presented. As seen in Figures 3.2-3.5, the present 
charge-regulated model based on Equation (3.21) agrees very well with the exact numerical 
solutions except that when C0 is sufficiently small (ca. 1 mM) and pH is sufficiently small 
(ca. pH < 3.5 ) or sufficiently large (ca. pH > 10.5 ), implying that if C0 is large and/or pH is 
in the middle range (ca. 3.5 < pH <10.5) the influence of the hydrogen and hydroxyl ions on 
the zeta potential becomes insignificant. It should be pointed out that even though at low
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(high) level of pH the influence of the H+ (OH ) coming from the dissociation of HC1 (KOH) 
and H2O becomes significant and should not be ignored compared to C0, the relative error 
of the zeta potential between these two results is still less than 5%, showing that the present 
charge-regulated model is applicable to the entire pH range of 3 to 11 under consideration. 
Figures 3.2 - 3.5 also reveals that the zeta potential modulated by the FET depends largely 
on the levels of the pH value and the bulk ionic concentration, two of important modulated 
parameters in the charge-regulated model. In general, the smaller the C0 and/or pH the 
higher magnitude of zeta potential tuned by the FET, as can be seen in Figures 3.4 and 3.5. 
The former is because the higher the C0 the thinner the double layer and the greater the 
amount of counterions confined near the solid/liquid interface of the FET, yielding the 
harder the FET tuning the zeta potential. Similarly, as pH gets higher, since the greater the 
amount of hydrogen ions dissociated from the functional groups on the FET surface the 
higher the surface charge density, and therefore, the larger the amount of counterions 
gathered on that surface, leading to the same behavior as the case of higher concentration of 
C0. This implies that the degree of zeta potential regulated by the FET will also be
suppressed when pH is high. It should be noted that although for the present case the point 
of zero charge (PZC) is approximately at pH=2.45, the PZC will be changed when the gate 













Figure 3.2. Variations o f  zeta potential £ as a function o f  pH at various combinations o f  the bulk 
ionic concentration C0,for t he case o f  dielectric layer made of S i0 2 where 8 = 1 Onm, ed = 3.9, Nwtal = 
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Figure 3.3. Variations o f zeta potential £ as a function o f  pH at various combinations o f applied gate 
potential Vs, for the case o f dielectric layer made of S i0 2 where 8 = lOnm, Ed = 3.9, Ntotai = 8x1 O'6 
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Figure 3.4. Variations o f zeta potential £ as a function o f Vg at various combinations o f  the bulk ionic 
concentration C0)fo r the case o f dielectric layer made o f  S i0 2 where 8 = lOnm, ed = 3.9, Nlota, =8x10' 
6 mol/m2. pKA = 6.8, pKg = 1.9 and pH = 3.
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Figure 3.5. Variations o f  zeta potential £ as a function o f  Vg at various combinations o f  pH, for the 
case o f dielectric layer made o f S i0 2 where 8 = lOnm, ej = 3.9, N,otai = 8x1 O'6 mol/m2. pKA = 6.S,pKB 
= 1.9 and Co= ImM.
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The performance of the approximate analytical expression under the Debye-Hiickel 
approximation, Equation (3.25) (discrete solid symbols), is examined in Figure 3.6, where 
the corresponding approximate results based on Equation (3.21) (discrete empty symbols) 
and the exact numerical results based on Equations (3.1) and (3.2) (lines) are also presented. 
Note that for the present case of SiC>2 dielectric layer, since the zeta potential involved 
exceeds 25.7 mV (one thermal potential R T I F )  too much as pH gets higher than 8 , we 
only compare these three results in the range of 3 < pH < 7.5. Figure 2.6 reveals that if pH is
small (ca. pH < 5), the larger the C0 the better the performance of the present approximate
analytical results. Otherwise, if pH is large, due to the zeta potential involved is too high the 
deviation of zeta potential from the exact numerical results gets higher.
Table 3.1. Relative percentage deviation in the zeta potential, RPD (%), the approximate result of 
implicit equation, Equation (3.21), for the case of Figure 3.6.
C0 (mM) pH=3 pH=5 pH=7
10 4.39 0.018 0.003
100 0.53 0.036 0 .019
1000 0.071 0.053 0.022
Table 3.2. Relative percentage deviation in the zeta potential, RPD (%), for the approximate 
analytical expression, Equation (3.25), for the case of Figure 3.6.
C0 (mM) pH=3 pH=5 pH=7
10 8.97 11.08 27 .89
100 1.04 3.65 14.51
1000 0.24 0.62 1.42
Tables 3.1 and 3.2 summarize the relative percentage deviation in the zeta potential, 
RPD (%), for the case of Figure 3.6. The RPD is defined by RPD = 100%x(<^ -  <̂exact) / £exact.
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The excellent agreement between the approximate results based on Equation (3.21) and the 
exact numerical results is observed except when pH and C0 is sufficiently small, which is 
consistent with the result of Figures 3.2 - 3.5. On the other hand, for the present model of 
approximate analytical expression, Equation (3.25), the larger the pH and C0 the smaller the
RPD. Therefore, it should be pointed out that if the zeta potential is not too high, the 
performance of the present approximate analytical expression, Equation (3.25), is 




















Figure 3.6. Variations o f  zeta potential £ as a function o f  pH for various values o f bulk ionic 
concentration C0 at the applied gate potential Vg = 5 V for the case o f dielectric layer made o f  S i0 2 
where 8 = 30nm, = 3.9, N,ota/ = 8x1 O'6 mol/m2. pK A = 6.8, pKB = 1.9.
Figures 3.7 - 3.9 depict the electroosmotic flow velocity profile for various combinations 
of the pH value, the bulk ionic concentration C0 and the applied gate potential Vg. The
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lines, discrete empty symbols, and discrete solid symbols, represent the exact numerical 
results based on Equations (3.1) - (3.3), the approximate results based on Equations (3.15) 
and (3.21), and the approximate analytical results based on Equations (3.23) and (3.25), 
respectively. Similar to the results of Figures 3.2 - 3.6, the flow field predicted by the 
present approximate model based on Equations (3.15) and (3.21) agrees excellently with that 
by the exact numerical results. However, for the model of the analytical solution based on 
Equations (3.23) and (3.25), the deviation of the flow profile from that to the exact 
numerical results becomes obvious when the zeta potential involved gets higher, for 
example, higher pH in Figure 3.7, lower C0 in Figure 3.8, and higher V in Figure 3.9. 
Figures 3.7 - 3.9 also indicates that the electroosmotic flow profile can be modulated by 
adjusting the value of pH, C0, and Vg, and even its movement direction can be easily
changed by tuning the pH and Vg. Note that in addition to the parameters of pH, C0, and 
Vg, one also can regulate the zeta potential, electroosmotic flow profile and the accordingly 
electrokinetic phenomena (i.e. ionic current) by modulating the other parameters such as 
N'o,al, pKA, and pK B via choosing various material of the dielectric layer [186, 208] or 
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Figure 3.7. Spatial variations o f  the electroosmotic velocity driven by the applied electric field Ez = 
20kV/m at various combinations o f  pH value, bulk ionic concentration C0, and applied gate potential 
Fg for the case o f  dielectric layer made o f S i0 2 where 5 = 30nm, ed = 3.9, N,olai = 8x10"6 mol/m2. pKA 
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Figure 3.8. Spatial variations o f the electroosmotic velocity driven by the applied electric field Ez = 
20kV/m at various combinations o f  pH value, bulk ionic concentration C0, and applied gate potential 
Fg for the case o f  dielectric layer made o f  S i0 2 where 5 = 30nm, ed = 3.9, Nlolat = 8x10^ mol/m2. pKA 
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Figure 3.9. Spatial variations of the electroosmotic velocity driven by the applied electric field Ez = 
20kV/m at various combinations of pH value, bulk ionic concentration C0, and applied gate potential 
Fg for the case of dielectric layer made of Si02 where 5 = 30nm, ed = 3.9, Nlolai = 8x1 O'6 mol/m2. pKA 
= 6 .8 , pKB = 1.9, C0=10mM and pH=4.
3.3.2. Verification of Model by Experimental Data
The applicability of the present charge-regulated model is examined by fitting it to the 
experiment data of Gaudin and Fuerstenau at pH=6.5 [219], where the result of zeta 
potential was conducted for the case of isolated flat silica surface, and to the experiment data 
of Oh et al. [5] at pH=4, C0 = 1 m M , and S  = 100 nm [5], where the zeta potential versus 
applied gate potential was conducted in a silica-based nanofluidic FET. In order to verify the 
model to the result of Gaudin and Fuerstenau [219], let Vg = 0 and neglect the permittivity
of the dielectric layer of the FET ( ed = 0 ) since this permittivity is much smaller than that of 
the liquid phase.
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Therefore, Equation (3.21) can be rewritten as
- 2
Ka H H +1
(3.26)
One can easily use it to determine the zeta potential o f the planar surface of the 
micro/nanochannel with a charge-regulated nature. Figure 3.10 shows the variation of the 
zeta potential as a function of bulk ionic concentration. Both the experimental data [219] 
and the results predicted by Equation (3.26) are presented. The later are based on the values 
of the parameters, namely, Nlolal = 8x l0 -6 mol/m2, pKB =1.9 [218] and pK A =7.4. Note 
that in this case, the value of pKA is only modulated to fit the experimental data, and the 
estimated value of pKA = 7.4 is in well agreement with the value of silica ( pK A = 7.5)
reported in the literature [220]. The variation of zeta potential as a function of applied gate 
potential in a silica-based nanofluidic FET is shown in Figure 3.11, where both the 
experiment data [5] and the approximate result based on Equation (3.21) are presented. In 
this case, the charge-regulated parameters given in Equation (3.21) are 
N,o,at = 8 x l 0 ' 6 mol/m2, pKB =1.9 [218] and pKA =7.5 [220], all of which are consistent 
with the typical values for silica. As seen in Figure 3.11, the present model is capable of 
describing the general trend of the experimental data. Note that the zeta potential is negative 
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Figure 3.10. Zeta potential versus bulk ionic concentration for the case o f isolated flat silica surface 
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In summary, pH-regulation of the surface charge property and electroosmotic flow 
velocity by the nanofluidic field effect transistor (FET) with charge-regulated surfaces was 
proposed and theoretically analyzed. Approximate expressions, including analytical and 
implicit ones, were derived for the first time to estimate the zeta potential and the 
electroosmotic velocity tuned by the FET. The applicability of the charge-regulated model 
derived is verified by the available experimental data in the literature. It was found that the 
charge property as well as the direction and magnitude of the electroosmotic flow can be 
tuned by regulating the pH value and bulk concentration of the aqueous electrolyte solution 
and the applied gate potential of the FET. In addition, its tuning degree of the field effect 
becomes sensitive when the pH is low and/or the bulk electrolyte concentration is dilute. 
Finally, it is believed that this study will have a great potential significance in the 
application of electrokinetics-based micro/nanofluidic devices.
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CHAPTER 4 
FET CONTROL OF IONIC CONDUCTANCE
4.1. Introduction
Nanofluidics [171, 206, 221, 222], such as nanopores, nanochannels, and 
nanocapillaries, have recently emerged as powerful platforms for versatile applications 
such as ionic filters [222, 223], nanofluidic diodes [224, 225], energy conversion [6 , 124, 
164], and analysis and separation of biomolecules [226 - 230]. The nanopore-based 
biosensing is based on discriminating the ionic current (or conductance) signals arising 
from different ion transport phenomena in these nanofluidic devices, which are strongly 
dependent on their surface charge property [171, 206, 221, 222, 231]. Therefore, actively 
control the surface charge property and the ionic current/conductance in nanofluidics, and 
understand mechanisms governing these processes are essential for developing the next- 
generation nanofluidic devices.
Recently, nanofluidic field effect transistors (FETs) [4, 179, 180, 232], referring to 
the nanochannels (or nanopores) embedded with electrically controllable gate electrodes, 
have been developed to actively control the surface charge property and, accordingly, the 
electrokinetic ion, fluid, and (bio)nanoparticle transport inside the nanochannels. The 
surface charge property of the nanochannel can be tuned by modulating the gate potential 
imposed on the gate electrode patterned beneath the dielectric nanochannel wall made of 
such as silicon dioxide (SiC^) and aluminum oxide (AI2O3). It has been demonstrated that 
these dielectric materials in contact with aqueous solution reveal a charge-regulated 
nature [ 6 6  - 69], impl ying that their surface charge properties (e.g., zeta potential), 
depend upon the local solution properties such as pH and salt concentration. In addition,
the electric double layer (EDL) formed on the nanochannel in contact with aqueous 
electrolyte solution includes both a Stem layer and a diffusive layer. Because of the 
attraction of immobile counterions inside the Stem layer, the electric potential at the 
solid/liquid interface, the so-called surface potential y/s , is reduced to a lower value
called zeta potential y/d, as illustrated in Figure 4.1. Recently, Hughes et al. [190] 
confirmed that the Stem layer effect plays a significant role on the surface charge 
property and electroosmotic flow (EOF) in a gated nanochannel. In that study, analytical 
expressions for zeta potential and EOF velocity were derived without considering H+ 
and OH“ ions. The results from the analytical expressions deviate from the full model 
with the consideration of both H+ and OH“ ions when the solution pH deviates from 7 
apparently.
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Figure 4.1. Schematic illustration of the field effect modulation of the zeta potential (y/j) and the 
ionic current in a pH-regulated nanochannel containing multiple ionic species, FT ,K+ ,Cf and 
OH'. Four major regions are considered: the dielectric channel layer of thickness 8 , the immobile 
Stem layer with surface capacitance Cs, the diffusive layer of Debye length X,D, and the bulk state 
with solution pH and background salt concentration C kci- Fg is the gate potential imposed on the 
gate electrode and y/s is the surface potential resulting from the association and dissociation 
surface reactions of functional groups on the nanochannel wall.
Many theoretical studies [5, 176, 182 - 192, 233], mainly focused on numerical 
simulations [5, 183 - 189, 191, 192], have been conducted on the field effect modulation 
of ion, fluid, and nanoparticle transport in the gated nanofluidic devices. However, these 
studies possess several limited assumptions, such as a constant surface charge density at 
the gated dielectric channel wall [5, 182 - 189], consideration of background ionic 
species only [5, 176, 182 - 192], and without considering Stem layer and EOF effects [5, 
176, 182 - 189, 191, 192]. Although these assumptions make mathematical treatment
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simpler, developing a more general and realistic model to elaborate experimental 
observations and design relevant gated devices is highly desirable.
Considering widespread applications using nanofluidics, where the ionic current (or 
conductance) is the major analysis signal, the surface charge property and ionic 
current/conductance in a pH-regulated nanochannel gated by FET are investigated with 
the consideration of multiple ionic species, surface chemistry reactions on the dielectric 
channel wall, and the Stem layer effect. Moreover, the EOF effect, which was often 
neglected in previous studies [183, 185 - 189, 191], on the ionic current/conductance 
modulated by the FET is also considered in this study. Analytical expressions are derived 
for the first time to predict the zeta potential and surface charge density of the diffusive 
layer on the channel wall, and the ionic conductance as functions of the solution 
properties (pH and background salt concentration), applied gate potential, and the surface 
capacitance of the Stem layer. Since most of the practical effects are taken into account, 
the analytical results provide better insight into the underlying physics and necessary 
information for utilizing gated nanochannels in relevant applications.
4.2. Mathematical Model
As schematically shown in Figure 4.1, a steady, electrokinetic transport of an 
aqueous electrolyte solution of relative permittivity ef  in a long pH-regulated
nanochannel of height h , width w , and length I is considered. The nanochannel is 
equipped with a FET, consisting of a thin dielectric channel layer of thickness S  and 
relativity permittivity sd, and a gate electrode patterned on its outer surface. A gate
potential is applied on the gate electrode to tune the surface charge property of the inner 
nanochannel wall and, in turn, controls the transport of ions and fluid within the
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nanochannel. The Cartesian coordinates x  and z with the origin located at the 
solid/liquid interface are adopted, and E; = V / 1 is the applied uniform electric field
directed in the z-direction with V being the potential bias across the nanochannel.
The following is assumed: (i) The liquid phase is an incompressible Newtonian fluid 
containing N  kinds of ionic species, and the resulting electroosmotic flow (EOF) is fully 
developed and parallel to the channel wall (i.e., z-direction); (ii) The wall of the dielectric 
channel layer (e.g., such as Si0 2 , Si3N4 , and AI2O3) in contact with an aqueous solution is 
of charge-regulated nature [ 6 6  - 6 8 ] and bears a uniform surface charge density <j s along 
the z-direction; (iii) The no-slip plane is located at the Stem layer/diffusive layer 
interface; (iv) No external pressure gradient is applied across the nanochannel; (v) Both 
width and length of the nanochannel are much larger than its height ( w »  h and / »  h) 
so that the problem under consideration can be approximated as a nanoslit with two 
infinite parallel plates; and (vi) The overlapping of the electric double layers (EDLs) of 
two adjacent nanochannel walls is not significant so that the possible presence of the ion 
concentration polarization [206, 234, 235], arising from the selective transport of 
counterions and coions, is neglected. This assumption is valid if the Debye length is 
much smaller than the half height of the nanochannel (i.e., AD = k~x «  h / 2  ), and holds 
for most experimental conditions in nanofluidics. For example, the background salt 
concentration in experiments varies typically from 1 to 1000 mM, yielding the Debye 
length ranging from 9.6 to 0.3 nm, which is very thin compared to most of h [5 - 7, 236 - 
238]. Based on the above assumptions, the distributions of electric field, ionic 
concentrations, and the EOF velocity are uniform in the z-direction.
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4.2.1 Governing Equations and Boundary Conditions
Because ions and fluid inside the Stem layer are immobile, the electric potentials 
within the dielectric channel layer, Stem layer, and liquid, <f>, (p, and y>, respectively, 
and the flow field can be described by
In the above, pe is the mobile space charge density; £0, F , R , T , and p  are the 
absolute permittivity of vacuum, Faraday constant, universal gas constant, absolute 
temperature, and dynamic fluid viscosity, respectively; z. and Ci0 are the valence and the 
bulk concentration of the /th ionic species, respectively; u, and E, are, respectively, the
fully developed EOF velocity and the imposed electric field in the z-direction.
Because the EDL overlapping inside the nanochannel is neglected, we assume at the 
center of the nanochannel, the concentration of the /th ionic species reaches its bulk value 
and the electric potential stemming from the charged nanochannel wall vanishes. The 
following boundary conditions associated with Equations (4.1) - (4.4) are 
at the gate electrode ( x = - 8 ),
d 2</>— Y = 0  within the dielectric layer ( —8  < x  < 0 ), 
dx (4.1)
^ 2
— Y  = 0 within the Stem layer ( 0 < x < 8S),
dx
(4.2)
within the liquid phase (Ss < x < h / 2 ),
(4.3)
d t̂4 E>—~  = — ^ e z  within the liquid phase (8s < x < h /2) (4.4)
(4.5)
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at the dielectric layer/Stem layer interface ( x = 0 ),
4> = <P = VS, (4.6a)
X  + £o£f  ~ f  = - a s> (4.6b)dx dx
at the Stem layer/diffusive layer interface ( x = Ss),
<P = W = Vd, (4.7a)
~£0 ̂ / “ + V v “  = °> (4.7b)ax ax
u2= 0 , (4.7c)
and at the center of the nanochannel ( x = h / 2  ),
V = ~ r  = Q’ (4-Ba)ax
du = 0. (4.8b)
dx
Equations (4.6a) and (4.6b) implies that the electric potential is continuous but the 
electric field is not at the dielectric channel layer/Stem layer interface due to the 
discontinuity of the dielectric permittivities ( sd and ef ), where the electric field satisfies 
Gauss’s law.
Solving Equations (4.1) and (4.2) subject to Equations (4.5), (4.6a), and (4.7a) yields
w —V
<l> = Vs + S ■„ * * > (4-9)
(p = v / s + ^ _ J ^ x  (41Q)
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It is worth noting that by substituting Equations (4.9) and (4.10) into Equations 
(4.6b) and (4.7b), and letting the surface capacitance of the Stem layer, 
Cs = s0£f  / Ss , results in
In the above, <Jd is the surface charge density of the diffuse layer and can be expressed 
as
where s ig n (^ )  = 1 for y/d > 0 and s ig n (^ )  = -1 for y/d < 0 . In the absence of the FET,
the first term of the left hand side of Equation (3.11) is zero and, therefore, Equations
(4.11) and (4.12) reduce to
which is the well-known basic Stem layer model.[6 6 ] Apparently, the Stem layer models 
to describe the relationship between y/s and y/d in the presence (Equations (4.11) and
(4.12)) and absence (Equation (4.14)) of FET are different.
4.2.2 Multi-Ion Charge Regulation Model
It is assumed the dielectric channel wall carries dissociable functional groups MOH 
capable of undergoing the following two main dissociation/association equilibrium 
reactions:
(4.11)
-C s(^ d - ^ s)~crd = 0 . (4.12)
sign(pd) 2e0£ fR T £ C i0 exp
(4.13)
Cs( ^ - ^ d) = o-s = ad , (4.14)
MOH <-> MO" + H+ and... (4.15)
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Based on these two surface chemistry reactions, the surface charge density of the 
dielectric layer <x can be described by [190],
10“p̂  -10"p*s
crs=-P'Nlolal\
1 0 ~pH exp
RT
1 (TP̂  + 1 0 ~pH exp
RT
+ 10 ■PKB 1 0 pH exp PH's
RT
(4.16)
where Ntoml = r MOH +T mo_ +Tmoh , is the total number site density of MOH molecules
on the dielectric layer surface with T* being the surface site densities of functional
groups k { k -  MOH, MO , and MOH +);pATy = -log  Kj ( j  = A and B) with
K-a =([H+Lr MO- ) / r MOH and ^ = r MOH + /([H+]jr MOH) being, respectively, the
equilibrium constants of the dissociation and association reactions in Equation 4.15; 
[H+ ] 5 = 10~pH exp(-Fi//s / RT) is the molar concentration of H+ ions at the dielectric
layer/liquid interface, which obeys the Boltzmann distribution since the EDL overlapping 
inside the nanochannel is neglected. In contrast to the previous studies assuming a 
constant surface charge density on the nanochannel wall [5, 177, 182 - 189, 239, 240], 
Equation (4.16) suggests that both crs and y/s are not only functions of the 
physicochemical properties of the dielectric channel layer such as N lolal, pKA, and pK B, 
but also the solution properties such as pH and salt concentration. In turn, a s and y/s 
affect the zeta potential of the nanochannel, y/ d , based on Equations (4.11) and (4.12).
To simulate experimental conditions, we assume that the background salt in aqueous 
electrolyte solution is KC1, and the solution pH is adjusted by HC1 and KOH. This
implies that four major ionic species (i.e., N  = 4 ) including K+, Cl , H+ and OH need
56
to be considered. If we let Cl0, z=l, 2, 3, and 4 be the bulk concentrations of these ions, 
respectively, and CKC1 be the background salt concentration, electroneutrality yields the 
following relations: [241, 242] C10 = CKCI, C20 = CKCI+10(~pH+3) -10~(14~pH)+3,
C3 0 =10("pH+3), and C40 = 10"(14"pH)+3 for p H < 7 ; CI0 = CKC1 -1 0 ("pH+3) +10"(14"pH)+3, 
C20 = CKC1, C30 = 10(-pH+3), and C40 = Kr('4~pH)+3 for pH > 7 .
4.2.3 Analytical Multi-Ion Model (MIM)
Due to electroneutrality, C0 = C10 + C30 = C20 + C40 = CNaC1 + 10(~pH+3) for pH < 7 and
CNaa +10' <14_pH)+3 for pH > 7. Therefore, Equations (3.3) and (3.4) can be rewritten as
dx2 zF \  RT
within the liquid phase ( Ss < x < h / 2 ), (4.17)
d 2uz _ £QsfEz d 2y/
dx2 H dx
within the liquid phase (Ss < x < h / 2 ), (4.18)
where z  = z, = - z 2 and K 1 = XD = yje0s f R T  /  2z 2F 2C0 is the Debye length. Note that if
the effect of multiple ionic species is not considered, that is, the presence of H+ and 
OH" is neglected, then C0 = CNaC1, regardless of the level of pH.
Solving Equation (4.17) subject to Equations (4.7a) and (4.8a), yields








2 e0ef K R T
zF
-sinh F zyd
\  2RT j
(4.20)
By integrating Equation (4.18) subject to Equations (4.7c) and (4.8b), results in the EOF 
velocity profile
u, = {W-Va)- (4.21)
Substituting Equations (4.16), (4.19), and (4.20) into Equations (4.11) and (4.12) 
yields the following implicit expressions connecting the surface potential, i//3, and the
zeta potential, y/ d :
~£ 0£ d
w - VY ■ » g
+  C s ( V d ~ V ' s )
= FN.total
1 0 ~pKa - 1 0 "p̂ 1 0  pH exp FVs
RT
1 0 ' p̂  + 1 0 "pH exp FVs
RT




-cs(y d -Ys ) 2 " ° ^ s i n h f ^zF y 2RT
(4.23)
One can easily use Matlab function fsolve to determine y/s and \f/d by simultaneously 
solving above Equations (4.22) and (4.23) for given conditions. Once y/d is obtained, the 
surface charge density of the diffusive layer ( crd ), and the electric potential ((//) and EOF 
velocity («z) profiles can be probed by Equations (4.19) - (4.21), respectively.
Assuming no concentration gradient is imposed across the nanochannel, the ionic 
current through the nanochannel, I , can be evaluated by [69]
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where 7v and Ic are the ionic currents contributed from the convective (EOF) and the 
electromigrative (imposed electric field) fluxes, respectively; Dl is the diffusivity of the 
rth ionic species. Substituting Equations (4.3), (4.19) and (4.21) into Equation (4.24) and 
then integrating the resulted equation yields the following explicit analytical solutions for 
/„ and Ic:
G = I  I V , of the nanochannel can be exactly evaluated by Equations (4.24), (4.25) and
(4.26) based on the obtained y/d from Equations (4.22) and (4.23). Note that the present
model for the surface charge property and the ionic current/conductance in a FET-gated 
nanochannel is more general and realistic than most of the previous ones [5, 176, 182 - 
192] due to the consideration of multiple ionic species, EOF effect, Stem layer effect, and 
surface chemistry of the dielectric channel wall. The influence of the presence of H+ and 
OH“ ions should become significant when the solution pH is sufficiently high and low.
16w k  f T  1 1
I  =  E,  J- —  — .it— T- (4.25)
and
/ (  — \  
4Q e 2 -1
v ) (4.26)/
4Q \ - e  2
+( D2C2o + Z)4C40 ) ^ +
k  C2e~2 - 1  (Q - l)




where Q = tanh — —  . The ionic current, I , and, accordingly, the conductance, ^ 4RT )
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In addition, it has been demonstrated numerically that the influence of EOF on the ionic 
current in the nanopore is noticeable when its charge density is large [240] (e.g., high 
solution pH in silica-based nanofluidics [69]).
4.3. Results and Discussion
In the present study, the ionic diffusivities Z), (K +), D2 (Cl"), £>3 (H +), and D4 
(OH") are 1.96xl0~9, 2.03xl0"9, 9.31xl0“9, and 5.30xl0"9 m2/s, respectively.[243] 
Other relevant physical parameters are F  = 96485 Cmol"1, R = 8.314JK 'mol"1, 
T = 298K, s0 =8.85xlO"12CV",m '1, ^ = 7 8 .5 ,  and ^ = 3 .9  (Si02) [184],
4.3.1 Verification of the Analytical MIM by Experimental Data
The applicability of the analytical results derived in this study is first verified by the 
experimental data obtained by Oh et al. [5], van der Heyden et al. [6 ] and Yossifon et al. 
[7]. The first case has FET, while the other two do not have FET. Figure 4.2 shows the 
dependence of the zeta potential (i/sd) of the gated silica nanochannel on the gate 
potential, Vg , modulated by the FET at pH = 4 and CKCI = 1 mM . Note that, under the
considered solution properties, the presence of the H+ ions should be taken into account 
in the calculation. As shown in Figure 4.2, the present analytical MIM (solid line), with 
adjustable parameters Cs = 0.2 F/m2, Nlolal = 8  sites/nm2, pKA = 8  , and pKB = 1.8 , 
agrees well with the general trend of the experimental data (symbols). The fitted values 
of Cs , Nlolal, pKa , and pKB are also consistent with those reported in the literatures
(e.g., Cs = 0.15 ~ 2.9 F/m2, Nlolol = 3 .8 -8  sites/nm2, pKA = 6  ~ 8 , and pKB = 0 - 2  for 





Figure 4.2. Dependence of the zeta potential (y/d) in the FET-gated silica nanochannel on its 
applied gate potential Vg. Diamonds and Circles denote the experimental data of Oh et al. [5] 
based on the estimation from Alexa 488 and Rhodamine B, respectively, at pH = 4, CKci = ImM, 
8  = 100 nm, h = 100 nm, w = 500 nm, and /=4mm. Solid line denotes the result of the present 
analytical MIM based on Equations (3.22) and (3.23) at Cs= 0.2F/m2, N,otai= 8  sites/nm2,pKA = 8  
and pKff= 1 .8 .
Figure 4.3 and 4.4 depicts the variations of the nanochannel conductance, G , as a 
function of the background salt concentration CKCI for various nanochannel geometries. 
As shown in Figure 4.3 and 4.4, the predictions from our analytical MIM (solid lines), 
with the same parameters Cs = 0.2 F/m2 , Nlotal = 8  sites/nm2 , pKA = 6.3, and pKB = 2, 
are in good agreement with the experimental data of van der Heyden et al. [6 ] (squares 
and circles in Figure 4.3) and Yossifon et al. [7] (diamonds in Figure 4.4). The fitted 
values of Cs , Nlolal, pKA, and pKg also agree with those reported in the literatures. From 
Figures 4.2 -  4.4, it is thus confirmed that the present analytical MIM are capable of 
capturing the essential physics of the field effect modulation of the surface charge 
property and the ionic current in a gated silica nanochannel. Therefore, the predicted 
values of Cs = 0.2 F/m2 , Nlolal = 8  sites/nm2 , pKA = 6.3, and pKB = 2, are used in the
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following discussions. For illustration, a FET-gated nanochannel with height h = 200 nm , 
width w = 50/cm, length / = 4.5 mm is considered, and the thickness of the dielectric 
layer is set at S  = 30 nm .
C/3
■ 6=490 nm
•  6=75 nm
1 0 '2
Figure 4.3. Dependence of the conductance (G) in a silica nanochannel on the background salt 
concentration C kci- Squares and spheres denote the experimental data of van der Heyden et al. [6 ] 
at h = 490 nm and 75 nm, respectively, with w = 50 /cm, and 7=4.5 mm, and pH = 7.5. Lines 
denotethe results of the present analytical model at Cs= 0.2F/m2, Ntotai= 8 sites/nm2, pKA = 6.3 and 




Figure 4.4. Dependence of the conductance (G) in a silica nanochannel on the background salt 
concentration C kci- Diamonds denote the experimental data of Yossifon et al. [7] at h -  250 nm, 
w = 2mm, and / = 0.8mm, and pH = 8 . Lines denotethe results of the present analytical model at 
Cs= 0.2F/m2, Nt0tai= 8 sites/nm2,pKA=6.3 and pKB= 2.
4.3.2 Influence of the Background Salt Concentration
Figures 4.5 and 4.6 illustrate the influence of the background salt concentration, 
CKCI, on the field effect modulation of the zeta potential, y/ d , and the conductance, G , of 
a gated silica nanochannel for various applied gate potential, V . Figure 4.5 clearly 
shows that, as the applied negative Vg increases, y/d becomes more negative (Figure
4.5), thus yielding a larger G (Figure 4.6). Similar phenomena have been experimentally 
observed in the nanofluidic field effect transistors [4], and can be utilized to control the 
ion, fluid, and nanoparticle transport [4, 179, 181, 245], Figure 4.5 also suggests that the 
magnitude of y/d decreases with an increase in CKC, . This is because the higher the salt
concentration, the thinner the EDL, resulting in more counterions condensed near the 
nanochannel wall and, thus, reducing its effective charge. Note that the magnitude of the 
zeta potential modulation by FET becomes insignificant at high CKC), as shown in Figure
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4.5. This can be attributed to the combined effects of a thinner EDL ( a larger k  ) and a 
larger surface charge density of the silica nanochannel (crs ) [69]. Note that the latter
behavior of crs is different from that of y/ d , and results from the excluded effect of H+
ions by an increase in K+ ions as the background salt concentration increases [69]. 
Therefore, according to Equations (3.22) and (3.23), a higher gate potential is required to 
effectively tune the zeta potential of the nanochannel.
-80
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V = - \ 5  V
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-240
Figure 4.5. Zeta potential \f/d, as a function of the background salt concentration C kci for various 
levels of the applied gate potential Vg at pH = 5. The blue region highlights where the Vg 
dependent nanochannel conductance behavior becomes significant.
Figure 4.6 reveals that if CKCI is sufficiently high, G decreases linearly with
decreasing CKCI and is nearly independent on the applied gate potential, Vg . This
behavior is expected because the nanoch annel conductance at high ionic strength is 
dominated primarily by the bulk ionic concentration [69, 206] and very little by the
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surface charge of the nanochannel. However, if CKC1 is sufficiently low, a nonlinear 
behavior of G with varying CKCI occurs and the dependence of G on Vg becomes
significant at a relatively low salt concentration. The former agrees with the experimental 
observations in nanofluidics [4, 6 , 7, 177, 246, 247], and the latter stems from the fact 
that at low CKCI, the nanochannel conductance dep ends significantly on the surface 
charge of the nanochannel. Because the zeta potential varies remarkably at low salt 
concentration in the presence of the FET (Figure 4.5), the Vg -  dependent ion transport
phenomenon is significant (blue region in Figure 4.6).
VI 1 0  r
1 0 ’1 10° i1 0cKC1(mM)
Figure 4.6. Nanochannel conductance G as a function of the background salt concentration C kci 
for various Vg at pH = 5. The shaded region highlights where the Vg -dependent conductance 
becomes significant.
It is interesting to note in Figure 4.6 that G shows a local minimum with decreasing 
CKC1 in the low concentration region and the local minimum phenomenon becomes 
apparent when a negative gate potential is applied (i.e., V < 0 ). Recent experimental
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results by Guan et al. [179] and Kim et al. [245] showed that the conductance of a silica 
nanochannel [179] and a triangular polymer nanochannel [245], respectively, first 
decreases, attains a minimum, and then increases with a decrease in the salt 
concentration. However, the previous analytical model [177, 239, 248] without 
considering effects from EOF, multiple ions, and surface chemistry fails to predict the 
observed experimental results at low salt concentration. The variation of the conductance 
with the salt concentration is attributed to the significant EOF effect. In general, the 
conduction current, Ic, decreases, but the magnitude of <//d increases with decreasing 
CKC1 in the nanochannel. A larger y/d also results in a higher EOF velocity [190] and, 
therefore, a larger convective current, Iv. If the EOF effect becomes dominant, the 
nanochannel conductance increases with decreasing CKC1 due to an increase in 7 v.
Because the zeta potential of the nanochannel is highly tunable by FET at low salt 
concentration, it becomes more negative and, therefore, a stronger EOF is induced. This 
explains why the local minimum behavior as CKC1 varies at low CKC1 shown in Figure 3.6 
is remarkable in the presence of FET.
4.3.3 Influence of the Solution pH
Because the performance of the FET control in the gated nanochannel is significant 
when the salt concentration is low, we examine the influence of the solution pH on the 
field effect modulation of the zeta potential, y/ d , and the conductance, G , at the 
background salt concentration CKCI = 0.1 raM in Figure 4.7 and 4.8. This figure suggests 
that the degree of the field effect control of y/d (Figure 4.7) and G (Figure 4.8) is 
significant if the solution pH is low, and becomes insignificant if it is sufficiently high.
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This is because the lower the proton concentration (higher pH), the more negatively 
charged functional groups SiO" dissociated from the silanol (SiOH) groups on the 
nanochannel surface, yielding a greater crs . Therefore, a larger number of counterions 
electrostatically attaches to the channel surface and makes the FET harder to time its zeta 
potential and, accordingly, the nanochannel conductance. These phenomena also imply 
that the tuning efficiency of the FET in nanofluidics is weak at high solution pH, as 
shown in Figures 4.7 and 4.8.
Figure 4.7. Zeta potential y/d, as a function of the solution pH for various levels of the applied 
gate potential Fg at the background salt concentration CKci = 0.1 raM.
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Figure 4.8. Nanochannel conductance G as a function of the solution pH for various Vg at the 
background salt concentration CKci = 01 mM.
It is interesting to note in Figure 4.7 that regardless of the levels of V , the magnitude 
of if/d in the gated nanochannel show a local maximum as the solution pH varies. The 
behavior that \vd\ increases with increasing pH at low solution pH results from an
increase in | , as described previously. On the other hand, although [c  ̂| still increases
with increasing pH at high solution pH, a higher solution pH deviated apparently from 7 
also results in an increase in the ionic strength. This effect becomes significant when 
CKC1 is sufficiently low, leading to a thinner EDL thickness (a larger k  ) and, therefore,
lowering \y/d\ as well. This explains why \y/d\ decreases with increasing pH when the
solution pH is sufficiently high. Figure 4.8 also suggests that G has a local minimum 
with the solution pH. This behavior has been experimentally observed by Guan et al. 
[179] in the gated silica nanochannel. Since the ionic strength is high when the solution 
pH deviates significantly from 7, the resulting nanochannel conductance becomes large.
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4.3.4 Influence of the Stern Layer Capacitance
The influences of the surface capacitance of the Stem layer, Cs , on the surface 
charge properties, including the zeta potential, if/ d , and the surface charge density of the 
diffusive layer, crd , and on the conductance, G , of a gated silica nanochannel at two 
levels of the solution pH are illustrated in Figures 4.9 - 4.14. In general, the larger the 
value of Cs , the smaller difference between the zeta potential (if/d) and the surface 
potential (y/s), yielding a less significant Stem layer effect. Furthermore, as Cs - >  oo the 
Stem layer effect is neglected, implying that if/d =i//s, which was the typical assumption 
made in previous theoretical studies with considering the FET control [5, 176, 179, 182 - 
189, 191, 192], in order to simplify the problem. Figures 4.9 - 4.14 suggest that the 
influence of the Stem layer on the field effect of if/ d and G  is quantitatively different
from on that behavior of a d . In the latter, if the FET is inactive (i.e., floating gate, 
V = 0 V ), the influence of Cs on a d is insignificant when the background salt 
concentration, CKC1, is low and becomes significant when it is high regardless of the 
values of the solution pH, as shown in Figures 4.9a and 4.12a. This is expected since the 
higher the salt concentration the more counterions gathered near the nanochannel surface, 
leading to a more significant Stem layer effect. On the other hand, if the FET is active 
(i.e., FET control, Vg -  -20 V ), the dependence of a d on Cs is still unremarkable at low
CKCI and becomes remarkable at high CKCI when the solution pH is high (Figure 4.12b),
but those dependences are reversed when the pH is low (Figure 4.9b). These behaviors 
can be explained by the fact that for the relatively low solution pH at which the surface 
charge density of the nanochannel ( a s ) is very small, the lateral electric field stemming
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from the FET is then easy to yield a significant increase in the surface charge density of 
the diffusive layer ( crd). As mentioned previously in Figures 4.5 - 4.8, the performance 
of the FET control is significant when the solution pH and the salt concentration are low. 
As a result, more counterions are electrostatically attracted into the nanochannel surface 
due to the active FET, leading to a more significant Stem layer effect at low solution pH 
and CKCI, as depicted in Figure 4.9b. Since the original <j s in the absence of FET is large 
when the solution pH is relatively high, implying that most of counterions have been 
attracted on the nanochannel surface at low CKC1, the Stem layer effect on the FET 
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Figure 4.9. Surface charge density o f the diffuse layer Gj, (a) and (b), as a function o f  the
background salt concentration Ckci for various surface capacitance o f the Stem layer Cs a t
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Figure 4.10. Surface charge density o f  zeta potential y/d, (a) and (b), as a function o f  the
background salt concentration CKci for various surface capacitance of the Stem layer Cs a t
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Figure 4.11. Surface charge density o f  nanochannel conductance G, (a) and (b), as a function of  
the background salt concentration CKci for various surface capacitance o f  the Stem layer Cs at 
Fg=0(floating gate), (a), and Fg=-20V (FET control), (b), and pH=4.
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Figure 4.12. Surface charge density o f  the diffuse layer a* (a) and (b), as a function o f the 
background salt concentration CKci for various surface capacitance of the Stem layer Cs a t 
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Figure 4.13. Surface charge density o f  zeta potential yjd, (a) and (b), as a function o f  the
background salt concentration Ckci for various surface capacitance o f the Stem layer Cs a t
Fg=0(floating gate), (a), and Kg=-20V (FET control), (b), and pH=8 .
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Figure 4.14. Surface charge density of nanochannel conductance G, (a) and (b), as a function of 
the background salt concentration Ckci for various surface capacitance of the Stem layer Cs at 
Fg=0(floating gate), (a), and Fg=-20V (FET control), (b), and pH=8 .
It is worth noting in Figure 4.12a that under the considered conditions, the predicted 
a d with significant Stem layer effect (e.g., Cs = 0.2 F/m2) at pH = 8  varies from -7.9
to -35.3 mC/m2, in accordance with the typically reported values for the silica-based 
nanochannels (ca. -2  ~ -60 mC/m2 ),[4, 6  - 8 , 177, 179] for CKC1 ranging from 10"2 to
103 mM. However, if the Stem layer effect is neglected (e.g., Cs -» °o ), the predicted a d
under the same conditions ranges from -13.5 to -505 mC/m2, which is remarkably 
larger than the typical values reported in the literature [4, 6  - 8 , 177, 179], This implies 
that the assumptions of neglecting the Stem layer effect and constant fixed charge density 
on the nanochannel surface can be inaccurate and unrealistic, and might result in an 
incorrect estimation in its electrokinetic transport phenomena.
If the FET is floating ( Vg = 0 V ), Figures 4.10a and 4.1 la  reveal that the Stem layer
effect on the variations of the zeta potential (y/d) and the conductance (G )  in a silica
nanochannel is insignificant at low solution pH = 4 . This is expected since its surface
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charge density is very small at low solution pH. On the other hand, at relatively high 
solution pH = 8 , the Stem layer effect on the variation of y  d is unremarkable when the
background salt concentration, CKC1, is small, and becomes remarkable when CKCI is
relatively high, as shown in Figure 4.13a. This is due to the fact that the surface charge 
density of the nanochannel is high when the solution pH is high and, therefore, more 
counterions are electrostatically attracted on its wall surface, thus enhancing the Stem 
layer effect. However, the dependence of G on the Stem layer effect is reversed, as 
depicted in Figure 4.14a where the Stem layer effect is significant at low CKC1 and
insignificant at high CKC1. This can be attributed to the strongly (slightly) zeta potential-
dependent conductance behavior in the nanochannel at low (high) salt concentration, as 
verified previously in Figures 4.5 and 4.6.
If the FET is active (V = -20 V ) and the solution pH is low, Figures 4.10b and
4.1 lb depict that the Stem layer effect on the field effect modulation of the zeta potential 
(y/ d) and the conductance ( G ) is significant when the background salt solution, CKC, , is 
low and becomes insignificant when it is high. As shown in Figures 4.5 and 4.6, since the 
conductance of the nanochannel at low CKC1 is dominated majorly by its zeta potential,
the dependence of G on the Stem layer effect is similar to that on y/d . One the other
hand, if the solution pH is relatively high, Figure 4.13b reveals that the Stem layer effect 
on the zeta potential is significant when the salt concentration is high and insignificant 
when it is low. This can be explained by the same reason as employed in Figure 4.12b. At 
high solution pH, a larger crs reduces the performance of the FET control and 
accordingly the Stem layer effect.
74
4.4. Conclusions
Field effect modulation of the surface charge property and the ionic conductance in a 
FET-gated silica nanochannel is investigated by considering practical effects of multiple 
ionic species, surface chemistry reactions, the Stem layer, and the EOF, most of which 
were often neglected in previous studies. Taking account of these effects, analytical 
expressions were derived for the first time to estimate the surface charge property and the 
ionic current/conductance tuned by the FET. The results of the model are validated by 
comparing their predictions to the existing experimental data of the zeta potential 
modulated by the FET and the ionic conductance in silica nanochannels. The results 
clearly show that the performance of the FET control is more significant when the 
background salt concentration and pH are low. The developed model predicts that the 
ionic conductance of the nanochannel decreases first and then increases with a decrease 
in the background salt concentration, in accordance with the experimental observation 
reported in the literature recently. This phenomenon becomes remarkable if the FET is 
active and is attributed to a significant EOF effect occurring at low salt concentration and 
high zeta potential. In addition, the Stem layer effect on the modulated ionic conductance 
is significant at low salt concentration and becomes insignificant at high salt 
concentration regardless of the solution pH. However, if the FET is inactive, the Stem 
layer has nearly no effect on the ionic conductance of the nanochannel when the solution 
pH is relatively low.
75
CHAPTER 5 
FET CONTROL OF STEAMING CURRENT IN A PH-REGULATED 
NANOCHANNEL WITHOUT CONSIDERING ELECTROVISCOUS 
EFFECT
5.1. Introduction
Recent advances in nanofluidics attract considerable attention in using them as 
promising platforms for diverse applications such as ionic gates [249], ionic diodes [225, 
250], energy conversion [3, 6 , 124, 164, 165], and single (bio)nanoparticle sensing [205, 
228, 230]. All of these nanofluidic-based applications rely on accurately analyzing the 
resulting ionic current signals, determined by the ion transport phenomena in these 
nanofluidic devices, in various solution properties [171, 206, 222]. Many experimental 
results revealed that the ion transport in nanofluidics can be regulated by modulating the 
surface charge property at the solid/liquid interface of these nanofluidic devices [177, 
178, 207]. Therefore, active control of the surface charge property of nanofluidic devices 
in various solution properties is crucial for the development of next-generation 
nanofluidics-based apparatus.
To this end, nanofluidic field effect transistors (FETs) [4, 179 - 181, 232, 251], 
consisting of electrically controllable gate electrodes patterned along the outer wall 
surface of the dielectric nanochannels (or nanopores) made of such as silicon dioxide 
(SiC>2), silicon nitride (SiNx), and aluminum oxide (AI2O3), have been developed to 
actively modulate their surface charge property. Control of the surface charge property, in 
turn, controls the transport of ions, fluid, and biomolecules in nanofluidics by modulating 
the gate potential imposed on the gate electrode. Many theoretical efforts [176, 182 - 189,
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191, 192, 252] have been made to reveal how to regulate the transport o f ions, fluid, and 
biomolecules in the FET-gated nanofluidic devices. However, these studies have several 
limited assumptions, such as a constant surface charge density at the dielectric 
nanochannel wall [182 - 189], consideration of background ionic species only [176, 182 - 
189, 191, 192, 252], and without considering the Stem layer effect [176, 182 - 189, 191, 
192]. Recently, Guan et al. [253] experimentally demonstrated that the field effect 
modulation of zeta potential and surface charge density at the gated dielectric channel 
material (e.g., SiC>2 and SiNx)/electrolyte interface in various solution pH and ionic 
strength is distinctly different. They concluded that these intrinsic differences result from 
the surface chemistry reactions of functional groups with H+ ions at the 
dielectric/electrolyte interface, thus developing a more general and realistic model to 
elaborate experimental observations in relevant gated nanofluidic devices is highly 
desirable.
Recent experimental studies demonstrated that the streaming current, generated by 
the pressure-driven flow, in the nanochannel provides a simple and effective scenario for 
converting hydrodynamics to electrical power [3, 6 , 124, 164, 165]. This clean energy 
harvesting system using nanofluidics might open a new way for the development of 
renewable energy resources [124], The experimental results show that the streaming 
current is dependent on the flow of excess counterions, driven by an applied pressure 
field, in the electric double layer (EDL) in the vicinity of the charged channel wall [8 ]. 
This implies that the surface charge property of the nanochannel and net amount of 
mobile ionic species in various electrolyte solutions can significantly influence the 
streaming current behavior. Although several theoretical works have been made for the
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streaming current in the nanochannel, all of these studies assumed that the liquid phase 
only contains one kind of cations and anions from the background salt [3, 6 , 8 , 6 8 , 158, 
160,164, 254 - 256]. This assumption, although it simplifies the mathematical analysis, is 
unrealistic in practice because other ionic species are usually present. For example, the 
presence of H+ and OH“ ions need to be considered inevitably when the solution pH 
appreciably deviates from neutral.
In attempt to better understand the aforementioned influences on the streaming 
current in the nanochannel, an investigation was conducted of the field effect modulation 
of the surface charge property and the streaming current/conductance in a long pH- 
regulated nanochannel under various solution properties (pH and background salt 
concentration). Analytical expressions are derived for the first time to predict the zeta 
potential and the streaming current/conductance with the consideration of FET, multiple 
ionic species, surface chemistry reactions on the dielectric channel wall, and the Stem 
layer effect. In contrast to most of existing studies on the ion transport in nanofluidics, 
which focused mainly on the numerical simulations [6 8 , 158, 164, 183 - 189, 191, 192, 
252, 254, 255], the present analytical results would provide better insight into the 
underlying physics and present convenient recipes for utilizing gated nanochannels in 
relevant applications.
5.2. Theoretical Analysis
As schematically shown in Figure 5.1, consider a fully-developed pressure-driven 
flow of an aqueous electrolyte solution of relative permittivity ef  in a long pH-regulated
nanochannel of height h , width w , and length / .  A streaming current, I slr, is induced by 
a pressure gradient, -Ap ,  applied across the nanochannel [8 ]. The nanochannel is
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equipped with a FET, including a thin dielectric channel layer of thickness S  an d 
relativity permittivity sd , and a gate electrode patterned on its outer surface. A gate 
potential, Vg , is imposed on the gate electrode to regulate the surface charge property and 
the streaming current in the nanochannel. The Cartesian coordinates x  and y  with the 
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Figure 5.1. Schematic representation o f the field effect regulation o f  the zeta potential (yjd) and the 
streaming current, driven by an applied pressure field (-Ap), in a pH-regulated nanochannel 
containing multiple ionic species, FT K+ Cl" and OH". Four major regions are considered: the 
dielectric channel o f thickness 8, the immobile Stem layer with surface capacitance Cs, the 
diffusive layer o f Debye length XD, and the bulk solution state o f pH and background salt 
concentration Ckci- kg is the gate potential imposed on the gate electrode, and y/s is the surface 
potential stemming from the association and dissociation surface reactions o f  functional groups 
on the nanochannel wall.
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Assume the following: (i) The liquid phase is an incompressible Newtonian fluid 
containing N  kinds of ionic species, and the -Ap -driven flow is fully developed and 
parallel to the nanochannel wall (i.e., y-direction); (ii) The Stem layer of a very thin 
thickness 8s is formed on the nanochannel wall, and ions and fluid inside that layer are
immobile and do not contribute to streaming current; (iii) The no-slip plane is located at 
the Stem layer/diffusive layer interface; (iv) The dielectric channel (e.g., SiC>2 , Si3N4 , and 
AI2O3) wall in contact with an aqueous solution is of charge-regulated nature[ 6 6  - 6 8 ] and 
bears a uniform surface charge density <JS along the y-direction; (v) The electroviscous 
effect is neglected, following the treatments of van der Heyden [3, 6 , 8 ] and Chang and 
Yang [256]; (vi) The nanochannel height is much smaller than both its width and length 
( h » w  and h » I ) so that the present problem can be approximated as a nanoslit with 
two infinite parallel plates; and (vii) The overlapping of the EDLs of two adjacent 
nanochannel walls is insignificant, implying that the Debye length is much smaller than 
the half height of the nanochannel (i.e., XD = k ~x « h / 2 ). This assumption holds for 
most experimental conditions in nanofluidics. For example, the Debye length ranges from 
9.6 to 0.3 nm, which is very thin compared to most of /i,[6 , 236 - 238] for the 
background salt concentration in experiments varying from 1 to 1000 mM. Therefore, the 
possible presence of the ion concentration polarization [206, 235], arising from the 
selective transport of counterions and coions, can be neglected. Under above 
assumptions, the distributions of the electric potential, ionic concentrations, and the fluid 
velocity are uniform in the y-direction.
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5.2.1 Governing Equations and Boundary Conditions
Based on the aforementioned assumptions, the electric potentials within the dielectric 






d 2y/ p e
= 0  within the dielectric channel ( —8 < x  <0), (5.1)
2 = 0 within the Stem layer (0 < x < 5S), (5.2)
N  (  Z  Fu/
^  Fz,Cj0 exp — '■----- within the liquid phase (Ss < x < h /2 ) ,
i=i v RT )dx £0£f  £o£f
(5.3)
d 2u 1 dp
— =  within the liquid phase (ds < x< h /2 ).  (5.4)
dx p  dy
In the above, p e is the mobile space charge density; z( and Ci0 are the valence and the 
bulk concentration of the /th ionic species, respectively; £0, F ,  R ,  and T  are the 
absolute permittivity of vacuum, Faraday constant, universal gas constant, and absolute 
temperature, respectively; p  and uy are the dynamic fluid viscosity and the fully
developed pressure-driven fluid velocity in the y-direction, respectively.
The boundary conditions associated with Equations (5.1) - (5.4) are:
At the gate electrode ( x  = - S  ),
<t> = Vs , (5.5)
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At the dielectric channel/Stem layer interface ( x = 0 ),
<t> = V = Vs , (5.6a)
dd d(p—  + s0e f —  
dx 0 f  dx- £ oe d —  +  £ oe f  —  =  - * s >  (5.6b)
At the Stem layer/diffusive layer interface ( x = Ss),
<P = W = ¥ d, (5.7a)
d(p dw  „
—£q€j — h £q£j — — 0, (5.7b)
dx dx
uy = 0, (5.7c)
and At the center of the nanochannel ( x  = h / 2 ),
dw  .
V = - j -  = 0 ,  (5.8a)
dx
duv
- ^  = 0. (5.8b)
Equations (5.6a) and (5.6b) imply that the electric potential is continuous but the electric 
field, which satisfies Gauss’s law, is not at the dielectric channel/Stem layer interface due 
to the discontinuity of the dielectric permittivities ( £d and £f ). Equation 8 a depicts that
at the center of the nanochannel, the electric potential stemming from the charged
nanochannel wall vanishes and the ionic concentrations reach their bulk values due to the 
neglect of the EDL overlapping inside the nanochannel.
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The analytical solutions to Equations (5.1) and (5.2) subject to Equations (5.5), 
(5.6a), and (5.7a) are
</> = ¥ ,+ ---- (5.9)
(5.10)
Substituting Equations (5.9) and (5.10) into Equations (5.6b) and (5.7b), and letting 
the surface capacitance of the Stem layer, Cs = s0ef  / Ss , yields
~£0£d
V s-V g ' + Cs (v'd - ^ s) = -(Ts ,
-C s(y d - V s) - ( rd = 0 .
Here, ad is the surface charge density o f the diffuse layer and can be expressed as
° d = -  1 dx\x_s
(5.11)
(5.12)






where sign(^d) = 1 for y/d > 0 and s ig n (^ ) = - 1  for i//d <0. It is worth noting that in
the absence of the FET, the first term of the left hand side of Equation (5.11) vanishes 
and, therefore, Equations (5.11) and (5.12) reduce to
V 's - V ' j
=  =  S j L
C. C.
(5.14)
which is the well-known basic Stem layer model [6 6 ]. In short, the Stem layer models to 
describe the relationship between the surface potential (i//s) and zeta potential ( y/d ) of the 
nanochannel in the absence (Equation (5.14)) and presence (Equations (5.11) and (5.12)) 
of FET are remarkably different.
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Suppose that the dielectric channel wall bears dissociable functional groups MOH, 
capable of undergoing the following dissociation/association reactions:
MOH <-» MO' + H+ and MOH + H+ <-» MOH2+ with equilibrium constants
r  , and r  + denote the surface site densities of MOH, MO , and MOH2+,
MO MOH2 7
respectively; [H+ ] 5 is the molar concentration of H+ ions at the dielectric channel/liquid 
interface. If we let the total number site density of MOH molecules on the dielectric 
channel surface N lutal = TMOH + Fmq_ + r MQĤ  and assume that the equilibrium
distribution of H+ ions follows the Boltzmann distribution, the surface charge density of 
the dielectric channel a s can be expressed as,
where pKj = -  log Kj ( j  = A  and B ).
To simulate experimental conditions, it is assumed that the background salt in an 
aqueous electrolyte solution is KC1 of background concentration CKCI, and the solution 
pH is adjusted by HC1 and KOH. This implies that four major kinds of ionic species (i.e., 
N - 4 )  including K+, Cl", H+ and OH" need to be considered. Let C10, C20, C30, and 
C40 (in mM) be their bulk concentrations, respectively. Electroneutrality yields the
following relations: [69, 226] C1 0 =CKCI, C20 = CKC1 +10("pH+3) - 1 0 '(14' pH)+3,




C30 = 10(‘pH+3>, and C40 = 1 (T<14~ pH)+3 for pH < 7 ; C10 = CKC1 -10("pH+3) +l(T04~pH)+3,
Qo = Q c i> C30 = 10(-pH+3), and C40 = Kr(14~pH)+3 for pH > 7 .
5.2.2 Analytical Multi-Ion Model (MIM)
The electroneutrality condition results in C0 =C 10 + C30 =C 20 +C40 =C KCI + 1 0 (-pH+3)
for pH < 7 and CKC1 +l(T (14~pH)+3 for pH > 7 . Equation 3, therefore, can be rewritten as




within the liquid phase (Ss < x < h /2 ) ,
where z = zx = - z 2 and k  1 = XD = yje0ef RT  / 2z 2F 2C0 is the Debye length. 
Solving Equation (5.16) subject to Equations (5.7a) and (5.8a), one gets
r zF y d
2 R T .uf =  In
zF
1 +  exp(-A :x)tanh
ART
l - e x p (- ra ) ta n h ^ ^ ^
(5.16)
(5.17)
and, therefore, the charge density of the diffusive layer is
2£0ef rcRT . f  zF y d 
CFd = ----- 1------ sinhl
zF 2 RT
(5.18)
By integrating Equation (5.4) twice with the boundary conditions described by Equations 
(5.7c) and (5.8b), one obtains the pressure-driven flow velocity,
(5.19)
where -dp / dy = -  Ap 11 is the applied pressure gradient across the nanochannel.
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Substituting Equations (5.15), (5.17), and (5.18) into Equations (5.11) and (5.12), we 
have the following implicit expressions relating the surface potential (y/ t ) to the zeta 
potential (<//d) of the nanochannel:
~£ 0 £ d
V s - v g
= FN,total
+ Cs{y/d -y /s)
1 0 ' p̂  - 1 (TP* 8 1 0 “pH exp
RT
10"p̂  +10"pHe x p f - ^ l  + 10-p̂
RT





C, - y , )  =----- —-----sinhzF
r zFy/d '  
2 RT
(5.21)
For given conditions, one can easily use the Matlab function fsolve to determine both y/s 
and y/d by simultaneously solving Equations (5.20) and (5.21). Then, the electric 
potential (if/) and the surface charge density of the diffusive layer (crd ) can be probed by
Equations (5.17) and (5.18), respectively, based on the resulting y/d.
8 6
The streaming current ( Istr) through the nanochannel can be exactly evaluated by
rha ehii d 2U/
7-  = 2w\s ^ p e(x)uy(x)dx = -2w\s ^ e 0sf  — Uy(x)dx 
= -2 we0s f f * l ouy ( x ) d ^ -  = - 2 w s0s f  ( u y( x ) ^ ~ |" 2- f ^ Q̂ d Uy(x)
= 2we0ef j




(x2- ,1 dp 
2 p d y






s*->° 2 p  dy
2 x - h ) y \ Z 1- 2 \ ĥ y , d x
a/2 2RT
-In
1 +.4 exp (-/or) 















1 + A exp (-/nr) 
l-v lexp(-/o r)
we0£ fhy/dAp Aws0ef RTAp
Ml pzFtcl
In
l + v4exp(-/£r/i/2)^ f  2
----------------i---------—L in  ----------------------------- -
I -A e xp y —ich/2) J ^1-^4 exp (-/r/i/2 )
+
dilog
1 -  Aexp(-/ch/2)
+ dilog
1 + Aexp{-Kh/2)  
\ — A exp{-  Kh/2)
In 1+ A
1 - A  11 - A
+ dilog \ + A 
1 -A
+ dilog
v l - A j
(5.22)
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where A = tanh(zFi//d /4 RT) and dilog( ) represents the dilogarithm function. Once I„r 
is obtained, the streaming conductance ( Gslr) of the nanochannel can be determined by
According to Equations (5 .2 0 ) -  (5 .2 3 ), \f/d, Istr, and, accordingly, Gstr are functions 
of the gate potential (Vg), the surface capacitance of the Stem layer ( C ,), the 
physicochemical properties of the dielectric channel wall (i.e., Nlolal, pKA, pKB, ed , and 
8 ), and the solution properties (i.e., pH, CKC1, and ef ) . It is worth noting that the
present analytical MIM for the surface charge property and the streaming current and 
conductance in a gated nanochannel with and without FET control is more realistic and 
rigorous than most of the previous ones [3, 6 , 8 , 6 8 , 158, 160, 164, 182 - 189, 191, 192, 
254 - 256] due to the consideration of multiple ionic species, the Stem layer effect, and 
the surface chemistry reactions of the dielectric channel wall. The influence of H+ and 
OH' ions becomes significant when the solution pH is sufficiently high and low.
[8]:
l + yfexp(-*:/j/2 )
(5.23)
5.2.3 Analytical MIM Solution under the Debye-Hiickel Approximation
Under the Debye-Hiickel approximation (i.e., \if/3| «  R T / zF),  Equations (5.15) and
(5.16) can be further approximated, respectively, to
V s = - FN,o,al
~<D-----hr * v o
Q [ r t  ) I n  J (5.24)
and
t / 2  Uf
— y -  =  a : V  within the liquid phase (5s < x < h / 2 ). 
dx
(5.25)
In the above, ft = 10~p̂ +10~pH+10~p*i,~2pH, O = 10"p̂ + 1 0 “p̂ ' 2pH, n  = 2x K rp*""2pH , 
and A = <X>(l(rpH+ n ) /Q 2.
Solving Equation (5.25) subject to Equations (5.7a) and (5.8a) gives
¥ d
sinh t )
sinh ( hK —  *U  J . (5.26)
Therefore, the charge density of the diffusive layer ad can be described by
* 0  ef Kyd
=
tanh ( ? )
(5.27)







Solving Equations (5.28) and (5.29) yields
and
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I str and Gslr can be further approxim ated, respectively, by
and
r u n  fhrz d 2\l/
'■>’ =  = - 2 * j s ^ V /  — i<r( x ) d x
= 1 " !  », (*V ^ = ■-*•*.*, (» , « ^  -  J “  0 M
fA/2 ^
= 2w£ne, -^—c 
0 / J ^-° dx
■ « [ £  1 * ■= 2 we, 2 p  dy
L f^ .|
M dy 
(2 x -h )d y /
K2- h x ) 





hY j ~ 2l









d ■ J Khxrsmh
v
1 -  cosh 'K h '
= H^offW jAP_ 
Ml
h + -
1 -  cosh
'  Kh'
a :  sinh
'  Kh'













5.3. Results and Discussion
To validate the derived models, Section 5.3.1 compares the predictions of the 
streaming conductance, Gslr, in the silica nanochannel from the analytical MIM to the 
existing experimental data available in the literature. The analytical MIM with the fitted 
parameters (i.e., Nlolal, pKA, pKB, and Cs ) are then used to verify the applicability of
that under the Debye-Hiickel approximation in Section 5.3.2, and to investigate the field 
effect regulation of the zeta potential and the streaming conductance in a gated silica 
nanochannel under various solution properties (pH and salt concentration) in Sections
5.3.3 and 5.3.4. The relevant physical parameters used in the calculations are 
e0 = 8.85xlO“,2CV-1n r I , // = 10' 3 kgm'V"1, F = 96487 Cmol-1, R = 8.31 JK-'mol’1, 
T  = 298K, sf  = 78.5,and ^ = 3 .9  (Si02)[184],
5.3.1. Verification of the Analytical MIM by Experimental Data
The applicability of the present analytical MIM (Equations (5.20) - (5.23) in Section 
5.2.2) is first verified by the experimental data of van der Heyden et al. [8 ], where the 
streaming conductance, Gslr, in a silica nanochannel of width w = 50 pim and length 
I = 4.5 mm was conducted at the applied pressure Ap = -4  bar and pH = 8 . Figure 5.2 
depicts the dependence of Gstr on the background salt concentration CKCI for various 
nanochannel heights h ranging from 140 to 1147 run. As shown in Figure 5.2, the 
predictions from the analytical MIM (lines), with the same parameters Cs = 0.42 F/m2, 
t̂otal = 4 nm”2, p K j  8 , and pKB = 2.5, agree well with the experimental data of van 
der Heyden et al. [8 ] (symbols). The fitted parameters (i.e., Cs , Nlolal, pKA, and pKB) 
and the corresponding isoelectric point of the silica nanochannel (e.g., 2.75) are also
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consistent with those reported in the literature (e.g., Nlotal = 3 .8 -8  nm'2, pK A = 6  — 8 , 
pKB = 0 -  3, and Cs = 0 .15 -2 .9  F/m2 [6 , 8 , 6 8 ], and the isoelectric point is about
2 — 3.5 [257] for the dielectric channel made of silica). It should be pointed out that only 
one set of the fitted parameters based on our model is used to describe the experimental 
data of the streaming conductance in a silica nanochannel with various channel heights. 
This is much better than the model proposed by van der Heyden et al. [8 ], where they 
used different fitted parameters to describe the behaviors of the streaming conductance in 
the silica nanochannels with various heights. Therefore, the predicted values of 
Cs = 0.42 F/m2 , Nlolal = 4 nm~2, p K j  8 , and pKB = 2.5, are then used in the following 
discussions. For illustration, consider a FET-gated nanochannel with height h = 200 nm , 
width w = 50/an, length / = 4.5 mm, and the thickness of the dielectric layer 8  = 30 nm .
"V.
 h=\\41  nm
 /i=563 nm
  h=219 nm
—— /j=140 nm
Figure 5.2. Dependence o f the streaming conductance (Gstr) i n a silica nanochannel on the 
background salt concentration Ckci for various nanochannel heights h. Symbols: experimental 
data o f van der Heyden et al.[8] at Ap = -4 bar, w=50 /an, /=4.5 mm, and pH = 8; lines: results o f  
the present analytical MIM at Cs= 0.42F/m2, Nlolaf=4nni2,pK A = 8, andpKB=  2.5
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5.3.2. Verification of the Analytical MIM Solution under the Debye-Hiickel 
Approximation 
5.3.2.I. The Debye-Huckel Approximation
The applicability of the analytical MIM solutions under the Debye-Hiickel 
approximation (i.e., |^ |<25.7 mV) for the zeta potential, if/d (Equation (5.31), and the
streaming conductance, Gslr (Equation (5.33), in a gated silica nanochannel is examined
in Figure 5.3. In this figure, the variations of y/d and Gslr as a function of the applied
gate potential Vg for various background salt concentrations CKC1 at pH = 3 are plotted
in Figures 5.3a and b, respectively. Figure 5.3 clearly shows that the results of if/d and
Gstr obtained from the closed-form analytical MIM solutions (Equations (5.31) and
(5.33) in Section 5.2.3) match well with those from the implicit solution based on the 
analytical MIM (Equations (5.20) - (5.23) in Section 5.2.2). An excellent agreement 
between the results of if/d and Gslr obtained from the above two models is observed
when \y/d\ is below 25.7 mV at small Vg and/or high CKC1. Even if \if/d\ is between 25.7 
and 48 mV at large Vg and/or low CKCI, a maximum relative error of ca. 10.5 % between 
the closed-form analytical MIM expressions and the exact implicit solution obtained from 
the analytical MIM for y/d and Gslr is obtained, as depicted in Figure 5.3. Therefore, it is 
concluded that the present closed-form analytical MIM solutions are capable of 
accurately predicting the general trends of i[/d and Gstr for \y/d\ <48 mV, especially
when the salt concentration is sufficiently high, which is the typical condition 
encountered in FET-gated nanofluidics applications [4, 179, 181, 252]. Figure 5.3b also
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suggests that Gslr is larger for lower CKCI. This agrees with the experimental 
observations for the streaming current (or conductance) [3, 6 , 8 ], and is because both the 
EDL thickness and the zeta potential (Figure 5.3a) of the nanochannel increase with a 
decrease in the salt concentration. These two combined effects lead to a greater amount
f/i/2
of mobile counterions ( 2wJ^ pe(x)dx) within the EDL experiencing higher pressure-
driven flow velocity in the vicinity of the charged channel wall. However, the salt 
concentration dependence of the streaming current/conductance in the nanochannel is 
inconsistent with that of the ionic current/conductance, which decreases with a decrease 
in the salt concentration [179]. This is because the ionic current/conductance in
nanofluidics is dominated by the net ionic concentration, ^ ^ ,C j0, in the bulk electrolyte 
solution [243] (not mobile counterions p e).
Figure 5.3. Zeta potential \ffd, (a), and streaming conductance Gslr, (b), as a function of the gate 
potential Vg for various background salt concentrations Ckci at pH = 3. Lines denote the results of 
the analytical MIM, and open symbols in (a) and (b) denote the closed-form results of the 
analytical MIM under the Debye-Hiickel approximation based on Equations (5.31) and (5.33), 
respectively.
95
5.3.3. Influence of Solution pH
Figures 5.4 and 5.5 illustrate the influence of the solution pH on the field effect 
regulation of the zeta potential, y/d, and the streaming conductance, Gstr, in a gated silica 
nanochannel for various applied gate potential, Vg, at two levels of the background salt 
concentration, CKCI. This figure clearly shows that the zeta potential, y/d, and, 
accordingly, the streaming conductance, Gstr, of the nanochannel can be actively tuned 
from negative to positive by the gate potential, Vg . Similar behavior has been observed
experimentally in the studies of the field effect control of the zeta potential in 
nanofluidics [4, 253], and can be further utilized to control the transport of ions, fluid, 
and biomolecules [4, 179, 181, 189, 252, 253]. Figures 5.4 and 5.5 also reveals that the 
performance of the field effect modulation of y/d (5.4a and b) and Gslr (5.5a and b) is
remarkable at low solution pH, and becomes unremarkable at sufficiently high solution 
pH. This is because the proton concentration increases with decreasing solution pH, 
leading to less negatively charged SiCT dissociated from the silanol (SiOH ) functional 
groups on the nanochannel surface and, therefore, a smaller <Js and lesser counterions 
electrostatically attracted to the channel surface, therefore, makes the FET easiler to tune 
its zeta potential. According to Equations (5.22) and (5.23), since the streaming 
current/conductance of the nanochannel strongly depends upon the magnitude of its zeta 
potential, a superior timing efficiency of the streaming current by the FET in nanofluidics 
at low solution pH is observed in Figures 5.5a and 5.5b.
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Figure 5.4. Zeta potential \f/d, as a function o f  the solution pH for various gate potential Vg at the
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Figure 5.5. Streaming conductance Gstr, as a function o f  the solution pH for various gate potential 
Fg at the background salt concentration Ckci = 1 mM, (a) and 500 mM, (b).
It is interesting to note in Figures 5.4 and 5.5 that the field effect regulation behaviors 
of ysd and Gslr versus the solution pH depend significantly upon the levels of the applied
gate potential Vg and the background salt concentration CKC1. If the FET is floating
(Vg = 0 V ) and a negative gate potential is applied ( Vg < 0 V ), Figures 5.4b and 5.5b
reveal that the magnitude of y/d and, accordingly, Gslr increase monotonically with the
solution pH at high salt concentration CKa = 500 m M . On the other hand, at relatively
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low salt concentration CKC, =1 mM (Figures 5.4a and 5.5a), both \^d\ and Gslr increase 
with the solution pH when it is low, and show a local maximum when the solution pH is 
sufficiently high. The behavior that \y/d | and, accordingly, Gslr, increase with increasing
pH is expected due to an increase in \crs | . However, an increase in the solution pH, when 
it deviates appreciably from 7, also results in an increase in the ionic strength (a decrease 
in the EDL thickness). If the behavior of y/d is dominated by the effect of an increase in
the ionic strength, which becomes significant when CKCI is sufficiently low, \ysd\
decreases accordingly. This explains why and, accordingly, Gstr decrease with an
increase in the solution pH for pH > 1 1  at CKCI = 1 m M , as shown in Figures 5.4a and 
5.5a.
If a positive gate potential is applied (i.e., Vg > 0 V ), Figures 5.4a and 5.4b show that 
Vd ( Gslr) remains negative (positive) at high solution pH and becomes positive 
(negative) at low solution pH. Note that when the solution pH is low, both \f/d and |Girr| 
show an apparent local maximum as the solution pH varies at low salt concentration 
CKCI = 1 mM (Figures 5.4a and 5.5a), but decrease monotonically with increasing pH at
high salt concentration CKC1 = 500 mM (Figures 4.4b and 4.5b). The former can be
attributed to an increase in the ionic strength when the solution pH declines significantly 
from 7, thus lowering the modulated zeta potential of the nanochannel. This effect 
becomes significant when the background salt concentration is sufficiently low, as 
described previously. From Figures 5.4 and 5.5, it is worth concluding that for a fixed 
CKC1, the behavior of Gslr as the solution pH varies is consistent with that of i//d because
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of the significant zeta potential-dependent streaming current (or conductance) behavior in 
the nanochannel, according to Equations (5.22) and (5.23).
5.3.4. Influence of Background Salt Concentration
Figure 5.6 and 5.7 depicts the influence of the background salt concentration, CKC1,
on the field effect regulation of the zeta potential, y/d, and the streaming conductance,
Gstr, for various gate potentials, Vg , at two levels o f the solution pH. This figure shows
that at low solution pH = 4 , y/d and, accordingly, Gslr, is modulated from negative to
positive as Vg varies; however, only the magnitude of y/d and Gslr can be tuned for the
considered region of Vg ranging from -10 to 10 V at relatively high solution pH = 8 .
These behaviors are consistent with those in Figures 5.4 and 5.5, and can be attributed to 
a higher surface charge density of the nanochannel, thus making the FET harder to 
regulate the zeta potential and the corresponding electrokinetic transport phenomena in 
the nanochannel. Figures 5.6 and 5.7 also suggests that the degree of the field effect 
regulation of if/d (Figures 5.6a and 5.6b) and Gslr (Figures 5.7a and 5.7b) is significant if
CKC1 is low, and becomes insignificant if CKCI is sufficiently high. In this case, a higher 








Figure 5.6. Zeta potential y/d, as a function of the background salt concentration Ckci for various 
gate potential Vg at the solution pH=4, (a) , and 8 , (b).
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Figure 5.7. Streaming conductance Gstr, as a function of the background salt concentration CKci for 
various gate potential Ve at the solution pH=4, (a) and 8 , (b).
Figures 5.6a and 5.6b reveal that regardless of the levels of pH and Vg , the
magnitude of \f/d decreases monotonically with increasing CKCI. This is because the EDL
thickness decreases with an increase in the salt concentration, resulting in more 
counterions gathered near the nanochannel wall and, thus, lowering its effective charge. It 
is interesting to note in Figures 5.7a and 5.7b that for the considered region of CKC, , the 
behaviors of Gslr with CKCI depend upon the levels of pH and Vg . If the solution pH is
1 0 0
low (Figure 5.7a), the magnitude of Gstr increases with decreasing CKC1 in the high salt 
concentration regime and reaches a nearly saturated value (plateau) in the low salt 
concentration regime. On the other hand, if the solution pH is high (Figure 5.7b), Gslr
increases first and then attains a plateau as CKC1 decreases for the relatively high negative 
gate potentials (i.e., Vg = -5  and -10  V), and shows a local maximum for the floating 
FET (i.e., Vg = 0  V ) and the positive gate potentials (i.e., Vg =5 and 10 V). The local 
maximum of Gstr extends to higher CKC1 for larger positive Vg. The behavior that Gslr 
increases with a decrease in CKC1 in the high salt concentration regime can be attributed 
to the combined effects of a greater \y/d\ (shown in Figures 5.6a and b) and a thicker 
EDL. However, if CKC, further declines to a critically low regime, because the major 
counterions (K + ions) from the background salt KC1 become very dilute, Gstr shows a 
decreasing tendency with a decrease in CKC1. Note that if the solution pH is sufficiently 
low, the other counterions ( H+ ions) dissociated from HC1 and water becomes dominant. 
Therefore, the aforementioned dilute effect of K + ions as CKCI decreases becomes 
relatively insignificant. This is why Gslr shows a plateau for lower CKC) at the low 
solution pH, as seen in Figure 5.7a.
5.4. Conclusions
For the first time, an investigatioin of the field effect control of the surface charge 
property and the streaming current/conductance, generated by a pressure-driven flow, in a 
FET-gated silica nanochannel under various solution properties (background pH and salt 
concentration) was conducted. Taking practical effects such as multiple ionic species,
1 0 1
surface chemistry reactions, and the Stem layer into account, analytical expressions were 
derived, including implicit and explicit ones, to estimate the surface charge property and 
the streaming current/conductance tuned by a FET. The implicit analytical multi-ion 
model (MIM) is validated by comparing its predictions to the existing experimental data 
of the streaming conductance in the silica nanochannels with various channel heights. 
The explicit analytical MIM based on the Debye-Hiickel approximation is valid 
especially when the magnitude of the zeta potential is less than the thermal potential, 
which often holds for relatively high salt concentration, in accordance with typical 
nanofluidics-based experimental conditions. The results clearly show that the zeta 
potential as well as the streaming current/direction can be actively tuned by the FET. The 
performance of the zeta potential and streaming conductance modulation by FET is better 
when the background salt concentration and pH are low. The developed model predicts 
that the dependence of the streaming conductance in the gated silica nanochannel on the 
solution pH is consistent with the dependence of the zeta potential. However, that 
dependence on the salt concentration might be different from the dependence of the zeta 
potential, depending on the levels of the solution pH and the gate potential. For example, 
for relatively high solution pH, the magnitude of the zeta potential of the nanochannel 
increases with decreasing background salt concentration, but the streaming conductance 




ELECTRO VISCOUS EFFECT ON FET CONTROL OF STEAMING
CURRENT IN NANOCHANNEL
6.1. Introduction
During the past decade, ionic mass transport in nanofluidic devices, such as 
nanopores and nanochannels, has drawn growing interests due to their potential 
applications ranging from regulation of ion transport to single nanoparticle sensing [178, 
202, 205, 206, 225, 226, 258 - 261]. The feasibility of these nanofluidics-based 
applications stems from analyzing their resulting ionic current signals in various aqueous 
solutions. Therefore, active control of the ionic mass transport in these nanofluidic 
devices plays a crucial role for the development of the next-generation nanofluidics- 
based apparatus.
Recently, several experimental works revealed that the transport of ions and 
nanoparticles in nanofluidics could be controlled by applying a pressure field through 
them [227, 228, 237, 262 - 264]. The flow of an electrolyte solution driven by an applied 
pressure gradient through the nanochannel generates both a streaming current and a 
streaming potential due to an accumulation (a depletion) of excess mobile ions in the 
downstream (upstream) of the nanochannel [8 ], as schematically depicted in Figure 6.1. It 
has also been demonstrated both experimentally and theoretically that the streaming 
current can provide a simple and effective scenario for converting hydrostatic energy to 
electrical power [3, 6 , 58, 6 8 , 124, 158, 164, 165, 248, 254, 256, 265, 266]. This clean 
power harvesting system using nanofluidics might open a new avenue in the exploration 
of new sources for renewable energy [124]. Note that the streaming potential induced by
the pressure-driven flow also generates a streaming electric field, the direction of which 
is opposite to the flow direction, and, hence, the net flow in the nanochannel is 
diminished. This phenomenon is typically known as the electroviscous effect because the 
liquid appears to have a higher viscosity in the vicinity of the charged nanochannel [158 - 
160], resulting in a reduction in the streaming current. However, this effect was often 
neglected in the previous theoretical analysis of the streaming current in the nanochannel 
[3, 6 , 8 , 6 8 , 233, 248, 256, 266]. Although this assumption dramatically simplifies the 
mathematical analysis, results in these studies show that under certain conditions such 
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Figure 6.1. Schematic illustration of a nanofluidic FET system used to modulate the zeta potential 
(y/d) and streaming current, driven by an applied pressure field (-Ap), in a pH-regulated 
nanochannel containing multiple ionic species, H+ K+ C f and OH'. Four major regions are 
considered: the dielectric channel layer of thickness 6 , the immobile Stem layer with surface 
capacitance Cs, the diffusive layer of Debye length A©, and the bulk solution. Vg is the gate 
potential imposed on the gate electrode, and i//s is the surface potential stemming from the 
dissociation and association surface reactions of functional groups on the nanochannel wall. Eslr is 
the streaming electric field established by the movement of excess mobile ions through an 
application of -Ap across the nanochannel.
Ionic mass transport in nanofluidics is highly dependent on the surface charge 
property at the solid/liquid interface of these nanofluidic devices [69, 177, 178]. Control 
of the surface charge property, therefore, controls the transport of ions, fluid, and 
(bio)nanoparticles in nanofluidics. To achieve this, a nanofluidic field effect transistor 
(FET) [4, 179 - 181], referring to a nanochannel (or nanopore) embedded with an 
electrically controllable gate electrode, have been developed. The surface charge property 
and, accordingly, the ion transport phenomena in the nanofluidic devices can be actively 
regulated by modulating the gate potential imposed on the gate electrode. Motivated by
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this concept of nanofluidic FET, the field effect control of the surface charge property 
and the streaming current/conductance in a long pH-regulated nanochannel under various 
solution properties such as pH and salt concentration is studied. In contrast to previous 
works on the gated nanofluidic devices mainly focused on full numerical simulations 
[183 - 186, 188, 189, 191, 192, 252], analytical expressions are derived for the first time 
to predict the zeta potential and the streaming current/conductance with the consideration 
of multiple ionic species, surface chemistry reactions on the dielectric nanochannel wall, 
and the Stem layer effect. Moreover, the electroviscous effect, which was often neglected 
in previous studies [3, 6 , 8 , 6 8 , 233, 248, 256, 266], on the streaming current/conductance 
modulated by the FET is also considered in this study. Since most of the practical effects 
are taken into account, the analytical results would provide better insight into the 
underlying physics and convenient recipes for utilizing gated nanochannels in relevant 
applications.
6.2. Theoretical Analysis
The problem under consideration is depicted in Figure 6.1, where a nanofluidic FET 
is used to actively modulate the surface charge property and the streaming current l str, 
induced by an applied pressure field -Ap [8 ], in a pH-regulated nanochannel of height 
H , length L , and width W . The FET includes a thin dielectric layer of thickness S  and 
relativity permittivity sd , and a gate electrode patterned on its outer surface. A gate 
potential, Vg , is imposed on the gate electrode to regulate the surface charge property of
the inner channel wall in contact with aqueous solution and, in turn, control the streaming 
current in the nanochannel. The Cartesian coordinates x and y  are adopted with the 
origin located at the bottom solid channel/liquid interface. The pressure-driven flow is
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directed in the y-direction, and a streaming electric field, Eslr, is established in the
opposite flow direction due to the accumulation (depletion) of excess mobile counterions 
in the downward (upward) of the nanochannel.
The following is assumed: (i) The liquid phase is an incompressible Newtonian fluid 
containing N  kinds of ionic species, and the pressure-driven flow is fully developed 
along the nanochannel; (ii) The dielectric channel (e.g., SiCh, SiNx, and AI2O3) wall in 
contact with an aqueous solution is of charge-regulated nature [6 6 , 6 8 ] bearing a uniform 
surface charge density of cr ; (iii) The Stem layer of an extremely thin thickness Ss is 
formed on the charged nanochannel wall, and ions and fluid inside that layer are 
immobile contributing nothing to streaming current; (iv) The no-slip plane is located at 
the Stem layer/diffusive layer interface; (v) The nanochannel height is much smaller than 
its length and width (i.e., H  « W  and H  « L ) ;  therefore, the present problem can be 
viewed as a nanoslit with two infinite parallel plates; and (vi) Electrical double layers 
(EDLs) of the nanochannel walls in the x-direction are not overlapped. This implies that 
the Debye length is much smaller than the half height of the nanochannel; that is, 
Ad = k ~ x «  H  / 2 , which holds for most experimental conditions in nanofluidics. For 
example, the background salt concentration in experiments typically varies from 1 to 
1000 mM, yielding the corresponding Debye length ranging from 9.6 to 0.3 nm, which is 
sufficiently thin compared to most of H  [6 , 237, 238], Therefore, the effect of ion 
concentration polarization [206, 235], arising from the selective transport of ions in 
nanofluidics, can be neglected. Under above assumptions, the distributions of the electric 
potential arising from the charged channel walls, ionic concentrations, the fluid velocity, 
and the induced Estr are uniform in the y-direction.
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6.2.1 Governing Equations and Boundary Conditions
Based on the above assumptions, the electric potentials within the dielectric channel 
layer, Stem layer, and liquid, </>, q>, and if/, respectively, and the fully developed
pressure-driven fluid velocity in the y-direction, u , can be described by
In the above, p e is the mobile space charge density; z( and Cl0 are the valence and the
absolute permittivity of vacuum, Faraday constant, universal gas constant, absolute 
temperature, and dynamic fluid viscosity, respectively. The 2nd term in right-hand-side 
(RHS) of Equation (6.4) represents the electrostatic force stemming from the interaction 
between the streaming electric field ( Eslr) and the net mobile charge density ( p e), and is
dropped without considering the electroviscous effect.
The boundary conditions associated with Equations (6.1) -  (6.4) are: 
at the gate electrode ( x  = — 5 ),




= 0 within the Stem layer (0 < x < Ss ), (6 .2)
d 2if/ _ p e
within the liquid phase (Ss < x < h / 2),
dx2 e0s f
(6.3)
d  u dp
p — Y~ = ------ Pe^str within the liquid phase (S  < x < h /  2).
dx dy
(6.4)
bulk concentration of the /'th ionic species, respectively; £0, F , R , T , and p  are the
g ’ (6.5)
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at the dielectric channel/Stem layer interface ( x  = 0 ),
</> = V = Vs, (6.6a)
dd> dtp
—  + e0sf  ~  = ~o-s, (6.6b)
dx dx
at the Stem layer/diffusive layer interface ( x = 5S),
<P = Y  = Vd, (6.7a)
dtp du/
—£0 E/  — h SqSf — = 0, (6.7b)
dx dx
uy =0, (6.7c)
and at the center of the nanochannel ( x  = h f  2 ),
ip = ~ -  = 0 , (6.8a)
dx
duv
- JL = 0. (6.8b)
dx
Equations (6.6a) and (6.6b) imply that the electric potential is continuous but the electric
field, which satisfies the Gauss’s law, is discontinuous at the dielectric channel/Stem
layer interface due to the discontinuity of the dielectric permittivities (£d and s f ).
Equation 8a depicts that the electric potential arising from the charged nanochannel wall 
vanishes and the ionic concentrations reach their bulk values at the center of the 
nanochannel due to the neglect of the EDL overlapping.
The surface charge density, crs , of the nanochannel can be determined by the
following charge regulation model. To account for the charge regulation, it is assumed
that the dielectric channel wall bears dissociable functional groups AOH, capable of
undergoing the following surface chemistry reactions: AOH AO + H+ and
AOH + H+ AOH2+ with equilibrium constants K A = ( r AO_[H+]J) / r AOH and
^ « = r AOH// r̂ AoH[H+L ). respectively. Here, r AOH, r ^ . , and r AQH/ denote the
surface site densities of AOH, A O ', and AOH2+, respectively; [H+]v is the molar
concentration of H+ ions at the dielectric channel/liquid interface. The total number site 
density of AOH molecules on the dielectric channel surface is 
^Mai = r AOH + ^ao- + r AOH2* • ^ ** 1S assumed that the equilibrium distribution of H+ ions
follows the Boltzmann distribution, the nanochannel surface charge density, a s , can be 
expressed as [176],
where p.K7 = -  log K} ( j  = A and B ).
6.2.2 Analytical Multi-Ion Model (MIM)




Substituting Equations (6.10) and (6.11) into Equations (6.6b) and (6.7b), and letting 
the surface capacitance of the Stem layer, Cs = e0ef  / Ss , yields the following relations:
~£0£d
' y , - V g '
+ Cs(V'd-V's) = -<T*, (6 .12)
- c S v  4 - v  = ° -
Here, ad is the surface charge density of the diffuse layer and can be expressed as
(6.13)
<7d — S0€ f
dy/
dx x ^ S .—tO






where s ig n (^ ) = 1 for y/d > 0 and sig n (^ ) = -1 for y/d < 0 . In the absence of the FET, 
the first term of the lefit-hand-side (LHS) of Equation (6.12) vanishes and, therefore, 
Equations (6.12) and (6.13) reduce to
= (6.15)
which is the well-known basic Stem layer model [66]. Note that the Stem layer models to 
describe the relationship between the surface potential (i//s) and zeta potential (y/d) o f  the
nanochannel in the presence (Equations (6.12) and (6.13)) and absence (Equation (6.15)) 
of FET are remarkably different.
To simulate experimental conditions with multiple ionic species, we assume that the 
background salt in the liquid phase comes from KC1 and the solution pH is adjusted by 
HC1 and KOH. Therefore, four major kinds of ionic species (i.e., N  = 4 ) including K+, 
CP, H+ and OH- should be considered. Let C/0 (in mM), / = 1, 2, 3, 4 be the bulk
concentrations of these ions, respectively, and CKC1 be the background concentration of
I l l
KC1. The electroneutrality condition results in the following relations [242]: C10 = CKCI, 
C20 = CKC1+10(-pH+3)-10 -(,4~pH)+3, C3O = 10(-pH+3), and C40=l(T(14-pH)+3 for pH < 7 ; 
c . o = Q a - lo(' pH+3)+10' (14"pH)+35 C2o = Q a >  C3O=10(-pH+3), and C40 = l(T(,4-pH)+3 for 
pH > 7 . Therefore, we obtain C0 = C10 + C30 = C20 + C40 = CKCI + 10(_pH+3) for pH < 7 and 
CKC, +10-(14-pH)+3 for pH > 7 . Based on these relations, Equation 3 can be rewritten as
d 2yJ
cbc2
= k 2 sinh ( ^ )  within the liquid phase ( 8 s < x < h ! 2 ), (6.16)
where y/ = y/ / y/ref with y/ref = RT  / zF  and z = z, = - z 2, and k x = yj£0sf  RT  / 2z 2F 2C0
is the Debye length.




1 -  exp (-x'x) tanh
(6.17)
The charge density of the diffusive layer is
crd = 2 e 0£f Ky/ref sinhn h f ^ (6.18)
where ysd =Vd lw ref.
By integrating Equation (6.4) twice with the associated boundary Equations (6.7a), 
(6.7c), (6.8a), and (6.8b), one obtains fluid velocity profile driven by both the imposed 
pressure gradient and the induced streaming electric field,
(6.19)
where -dp  / dy = -S.p IL  is the applied pressure gradient across the nanochannel.
1 1 2
By substituting Equations (6.9), (6.17) and (6.18) into Equations (6.12) and (6.13), 
the following implicit expressions relating the surface potential (y/ s) to the zeta potential
(y/d) of the nanochannel are obtained:
~£ 0 ed
V  - V  ^r  s  g + Cs(vd - v s)
FN.total
10~pKa -10~pKb 10~pH exp (  Fv/*T
I R T )
■2
(6.20)
\0~pKa +10~pH exp f F(//0 + i o ^ 8 





- C s{Vd ~ V S) =  2 s as f KVref  sinh E l (6 .21)
For given conditions, one can easily use Matlab function fsolve to determine both y/s and 
\j/d by simultaneously solving Equations (6.20) and (6.21). Once y/d is obtained, the 
electric potential ( if/) and the flow velocity ( uy) can be evaluated by Equations (6.17) 
and (6.19), respectively.
The streaming current ( IstT) through the nanochannel can be exactly evaluated by
Js,r = 2 W \" /̂ p e(x)uy(x)dx = - 2 fV j""oe0ef  ^ - u y(x)dx
• H /2f H du/
- 2 We0£f I u (x)d - f -  = - 2 We0e
0 j s s —*o y dx ■
dxl
dV  I///2 fHn dy/
= 2 We0cf l
nn dy/ 
dx
1 dp (x 2 -  Hx) 'O f  sir (v~ V d )
= 2We0ef
2 p  dy
f " '1 ± _ ± ( 2 x _ H)dy,  + t™  f
JS,-*o2p dy Js,-*o n /Jy
(6.22)
^  sir,P  +  ^  sir,E
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where Istr,, and l sn E denote, respectively, the streaming currents contributed from the
imposed pressure gradient and the induced streaming electric field, respectively, and can 
be expressed by
W d p  
p  dy
Ws0ef  dp 
p  dy
Ws0ef  dp
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In the above, dp! dy = Apt L , A = tanh (y/d / 4y/ref ) , y/ref = RT / z F , dilog( ) represents
the dilogarithm function, and
16 Wk , x2
Y\ ~ \£0£fV/ref ) A 2 e x p ( -K H ) - \  A2- 1 (6.25)
At equilibrium, the net ionic current through the nanochannel should be vanish, that
is,
L t r  +  h a n d  =  0  > (6.26)
where l cond is the conductive current arising from the induced streaming potential, and
can be estimated by
i _ = 2  WE,„l
H I  2 
<5.-> 0
JV
E ^ o Q e x p z.Fif/
RT
dx
JL, t H ! 2 (  Z  F\l/\










2 /c[l+ y4exp(-x'/f/2)j k ( 1  + A )
The integration in Equation (6.27) for i = 2 and 4 with zi = - 1 is
(Hi 2 f  F y/\
exp —— ox 
v RT )
A exp (- /o r ) In [exp (- /o r )] -  In [exp ( -*■*)] -  4
H I  2
*■[-1 + A exp (- /o r )]
4 4
(6.29)
2 *r[-l + ,4 exp (-K-///2)] /r ( - l  + .4)
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Substituting Equations (6.28) and (6.29) into (6.27), yields
L nd=2WEslr
(̂ 10̂ 10 + ̂ 30̂ 30 )
H
2 K-(l + ̂ exp(-/c-///2)) >c(\ + A)





r 2 = 2w
(^oQo + ̂ 3oQ o)
H
2 zr(l + ylexp(-Jc///2)) rc(\ + A)
+ ( ^ 0^20 + ^ 40^40 )
H
(6.31)
2 /r ( - l  + .4ex p(-/c /f/2 )) k { - \  + A)
Based on Islr + Icond = 0, the streaming electric field strength ( Eslr) through the 




where y, and y2 can be obtained from Equations (6.25) and (6.31), respectively. Once 
Eslr is obtained, the streaming current through the nanochannel ( Istr) can be exactly 
probed by Equations (6.22) - (6.24), and then the streaming conductance ( Gstr) can be 
determined by[8]
_  { ^ s l r .P  +  h t r , E )  _  I slr,p  E str
-Ap Ap 1 Ap
I  sir,P
~ Y x
r _  I  sir,P ( \ Y 2
Ap I Yx+Yi Ap U + r 2J
(6.33)
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Note that without considering the electroviscous effect the streaming current arising from 
the induced E Ur is zero, yielding Gar = Iar Pj- tx p .
From Equations (6.20) -  (6.33), y/d, Istr, and, accordingly, Gslr are dependent on 
the physicochemical properties of the dielectric channel layer (i.e., Ntolol, pKA, pKB, sd , 
and 8 ), the solution properties (i.e., pH, CKC1, A0 , and e f ) , the applied pressure field 
( -Ap  ), the gate potential (Vg) imposed on the gate electrode, and the surface capacitance
of the Stem layer (C,).  Note that the present analytical MIM for the surface charge 
property, and/or the streaming electric field strength, current, and conductance in a gated 
nanochannel with and without FET control is derived taking account of many practical 
effects such as multiple ionic species, the Stem layer and electroviscous effects, and the 
surface chemistry reactions of the dielectric channel wall, most of which were often 
neglected in previous studies [3, 6, 8, 68, 158 - 160, 164, 176, 183 - 186, 188 - 192, 248, 
252, 254, 256, 266]. It is thus confirmed that the present model is more realistic and 
rigorous than most of the previous ones [3, 6, 8, 68, 158 - 160, 164, 176, 183 - 186, 188 - 
192, 248, 252, 254, 256, 266].
6.2.3 Analytical MIM Solution under the Debye-Hiickel Approximation
Under the Debye-Hiickel approximation (i.e., \y/s\ < y/ref = 25.7 mV ), Equations (6.9) 
and (6.16) can be further simplified, respectively, as[190]
<D f F r Y  n  A — + — — + A (6.34)
and




In the above, <D = lO ^ + 1 0 ~ p**~2pH , Q = 10~p̂  + 10~pH + 10~pA:'-2pH, n  = 2x 10'p̂ *2pH , 
and A = O(10-pH+ n ) /Q 2.
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The charge density of the diffusive layer a d can then be evaluated by
g0 £f K¥ dcr.
tanh f  kH ^ '
\  /
(6.37)
By substituting Equations (6.34) and (6.37) into Equations (6.12) and (6.13), yields
£ 0£ d
¥ , ~ V A  , £0£f*¥d cb
tanh '  k H \  FN,a,al i Q +
' F y . '
V RT j
f n  A— + A (6.38)
and
o£f*¥d
tanh f  k H '  ‘
(6.39)
The solutions to Equations (6.38) and (6.39) give 
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By substituting Equation (6.36) into Equation (6.19), u can be rewritten as
1 dpu = ------—(x 2 -H x)-
2 p  d y '  '
£ 0 £ f E s ,r W d
sinh ( H  yK -------XI  2 J
sinh( ¥ )
-1
Based on Equation (6.22), Istr P and Istr E can be expressed, respectively, by 
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In the above Equation (6.44), y j  can be depicted as:
r3=-
2 W -«g0gj¥d 
s i n h ( ^




In addition, l cund can be further approximated by
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Based on I  + Icond -  0, £  can be expressed by
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Therefore, G srr can then be further approximated by
sir,P  +  Ix tr ,E  )
- A p




r \  
Ya ( W e 0s f y/d \
{ y3 +Ya ) I J
(6.49)
1H + -




6.3. Results and Discussion
To validate the derived models, Section 6.3.1 compares the predictions of the 
streaming conductance in a silica nanochannel from the analytical MIM to the existing 
experimental data available in the literature. To verify the applicability of our analytical 
MIM solutions under the Debye-Hiickel approximation (i.e., \y/\ < 25.7 mV ), Figure 6.2 
depicts the comparison of the results of the explicit analytical MIM expressions for the 
zeta potential, y/d (Equation 6.41), and the streaming conductance, Gstr (Equation 6.49), 
described in Section 6.2.3 of the text, and those of the verified implicit ones (Equations 
6.20 - 6.33) in Section 6.2.2 of the text. As shown in Figure 6.2, the results of if/d and
Gstr obtained from the closed-form analytical MIM solutions (lines) match well with 
those from the implicit solution based on the analytical MIM (symbols). An excellent 
agreement between the results of y/d and Gstr based on the above two models is obtained
when \y/d\ < 25.7 mV at high CKCI and/or small applied gate potential V . Even if
25.7 mV < \y/d\ < 43.2 mV at low CKC1 and/or large Vg, the relative deviations of y/d and
1 2 2
Gslr between the results from the implicit and explicit analytical MIMs are still less than
8 %. It is thus confirmed that the closed-form analytical MIM solutions are sufficiently
accurate to predict the general trends of y/d and Gslr for the considered \tyd\ -  43.2 mV
especially when the salt concentration is high, in accordance with the typical 
experimental condition adopted in FET-gated nanofluidics applications. [4, 179, 181, 252] 
Investigate the electroviscous effect on the field effect modulation of the streaming 
conductance in a gated silica nanochannel under various solution properties (pH and salt 
concentration) in Section 6.3.2.
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Figure 6.2. Zeta potential y/d, (a), and streaming conductance Gstr, (b), as a function of the applied 
gate potential Vg for various background salt concentrations CKci at pH=3. Lines in (a) and (b) 
represent the closed-form results of the analytical MIM under the Debye-Hiickel approximation 
based on Equations 6.41 and 6.49, respectively; symbols represent the results of the analytical 
MIM.
Figures 6.3 and 6.4 depict the influence of the surface capacitance of the Stem layer, 
Cs , on the zeta potential, y/ d , and the streaming conductance, Gslr, for Vg = 0 and
Vg =-15 V . In general, the smaller the value of Cs , the larger difference between the
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zeta potential {y/d ) and the surface potential (i//j ), yielding a more significant Stem layer 
effect. Furthermore, as Ct —> 00 the Stem layer effect is neglected, implying that 
y/d = if/ s. Figures 6.3 and 6.4 reveal that the Stem layer effect on the modulation of if/d 
and, accordingly, Gstr is remarkable when the background salt concentration, CKC1, is 
high and becomes unremarkable when it is low. That is, the higher the salt concentration 
the larger the difference of both if/d and G str for Cs ranging from 0.15 to 0 0 . This is 
expected since as CKC1 increases, more counterions are confined near the nanochannel 
surface to reduce its original surface potential, leading to a more significant Stem layer 
effect. Compared to the case for Vg = 0 (Figures 6.3a and 6.4a), the Stem layer effect is
less significant in the presence of the FET control (Figures 6.3b and 6.4b) especially 
when the salt concentration is low. This suggests that when CKC1 is relatively low, the
dependence of if/ d and Gslr on Cs is unremarkable for = -15 V , and becomes 
remarkable for Vg = 0. For example, the relative percentage deviation (RPD) of if/ d 
between Cs =0.15 F/m2 and Cs -> 0 0 , calculated by
(solid line) - y / d(dash double-dotted line)] I y/d (dash double-dotted line)|, 
is about 13.2 % and 88.9 % (3.4 % and 87.7 %) for CKC1=0.01mM  and 
CKC, =1000 mM , respectively, without (with) considering the FET control. Similarly, 
the RPD of GSIr is about 17.9 % and 88.8 % (4.7 % and 87.6 %) for CKC1 = 0.01 mM and 
CKC1 = 1000 mM , respectively, in the absence (presence) o f the FET control. This is 
because the performance of the FET control in nanofluidics is better when the salt 
concentration is low, resulting in a significant increase in \if/d\ and, therefore, a greater
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number of counterions are electrostatically attracted on the nanochannel surface, thus 
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Figure 6.3. Zeta potential \f/j, as a function of the background salt concentration C kci for various
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Figure 6.4. Streaming conductance Gstr, as a function of the background salt concentration C kci for 
various surface capacitance of the Stem layer at the solution pH = 8 and applied gate potential Vg = 
0, (a) and-15V, (b).
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For simplicity, the molar electric conductivities of \ 0 (K +), 220 (CP), (H +), and
A40 (OH”) are fixed at 7.352xl0”3, 7.634xlO”3, 3.498x 10”2, and 1.976x10 2 Sm2/mol 
, respectively[139]. Other relevant physical parameters used in the calculations are 
// = 10-3 kgm '1s”1, F = 96487 Cmol”1, R = 8.31 JK 'mol”1, T = 298K , 
e0 =8.85x10”l2CV”1m”1, * ,= 78 .5 , and sd = 3.9 (Si02).[184]
6.3.1 Verification of the Analytical MIM by Experimental Data
The applicability of the present analytical MIM (Equations (6.20) — (6.33) in Section 
6.2.2) is first verified by the experimental data of van der Heyden et al. [8] on the 
streaming conductance, Gstr, in a silica nanochannel with IT = 50 /im , L = 4.5 mm,
Ap = -4  bar, and pH = 8. Figure 6.5 shows the dependence of Gslr on the background 
salt concentration CKC1 for various nanochannel heights h . As depicted in this figure, the 
predictions from the analytical MIM (lines), with the same fitted parameters 
Cs =0.15 F/m2, N lotal = l  sites/nm2, pKA = 6.6, and pKB = 2, are in good agreement 
with the experimental data of van der Heyden et al.[8] (symbols). The fitted parameters 
of Cs , Nlolal, pK a , and pKg for the dielectric channel layer made of silica are also
consistent with those reported in the literature (e.g., Cs = 0.15 ~ 2.9 F/m2, 
t̂otal = 3 .8 -8  sites/nm2, pKA =6 — 8 , and pKB = 0 -3 [6 ,  8, 68]). Figure 6.5 suggests 
that the present analytical MIM is much better than the model proposed by van der 
Heyden et al. [8], who used different fitted parameters to describe the behaviors of Gstr 
in the silica nanochannels of various heights. Therefore, the estimated values of 
Cs =0.15 F/m2, Ntolal = 7 sites/nm2, p KA =6.6, and pKB =2 are then used in the
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following discussions. For illustration, a FET-gated silica nanochannel with H  = 200nm, 
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Figure 6.5. Streaming conductance Gstr in the silica nanochannels of various channel heights as a 
function of the background salt concentration Ckci at Ap = -4 bar, pH=8, W=50 pm, and Z,=4.5 
mm. Symbols: experimental data of van der Heyden et al. [8]; lines: results of the present 
analytical MIM at Cs = 0.15F/m2, iV,0,a/=7sites/nm2, and pKA = 6.6, and pKB = 2.
6.3.2 Field Effect Control and Electroviscous Effect
The influences of the background solution properties such as pH and salt 
concentration, CKC1, on the field effect control of the zeta potential, y/d, and the
streaming conductance, Gslr, for various gate potential, Vg , are illustrated in Figures 6.6
-  6.9. In Figures 6.7a, 6.7b, 6.9a, and 6.9b, symbols and lines denote, respectively, the 
results with and without considering the electroviscous effect arising from the streaming
electric field Estr. As shown in Figures 6.6 -  6.9, and, accordingly, Gslr can be 
regulated from negative to positive by the gate potential, Vg , imposed on the FET, and by
the solution pH. The V -dependent modulation behavior of if/d is expected and in
accordance with the experimental observation of the field modulation of the zeta potential 
in gated nanofluidics [4, 5, 253]. Control of the inner wall surface charge property of the 
nanochannel by the FET, in turn, controls the transport of ions and fluid inside. Recently, 
the pH-dependent regulation of VO was also observed experimentally by Guan et al. 
[253] through the direct measurement of the zeta potential at the dielectric SiNx channel 
layer/electrolyte interface timed by the FET under various solution pH. This can be 
attributed to a higher surface charge density ( crs ) of the nanochannel due to a greater
number of negatively charged SiCT dissociated from SiOH functional groups at the 
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Figure 6.6. Zeta potential y/d, as a function of pH for various gate potentials, Vg, at the
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Figure 6.7. Streaming conductance Gstn as a function o f  pH for various gate potentials, Vg, at the 
background salt concentration CKci = 0.1 mM, (a), and 100 mM, (b). Symbols and lines represent the 







........... ...... ..... ...... ......... ........ 0 ......... . • « »»*!-■— , . — T
10 V
' S .
o v ............. -70
r=-10V
-140
---- k=io vy.'.jX *..... v= o v  -
*----v ~ s  v
---- K=-10V......1 ...... • ...... ............. . ...... -210* ...... »  ̂ » -■ .... 1 ■ .....J . .....
(b)
1 0 "  1 0 '1 10“ 10‘ 1 0 ' 10" 1 0 "  10" 10“ 10 ' 1 0 ' I0 3
Figure 6.8. Zeta potential y/j, as a function o f the background salt concentration Ckci for various
gate potentials, Vg, at pH=3, (a), and 8, (b).
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Figure 6.9. Streaming conductance Gstr, as a function of the background salt concentration Ckci for 
various gate potentials, Vg, at pH=3, (a), and 8, (b). Symbols and lines represent the analytical MIM 
results with and without considering the electroviscous effect, respectively.
Figures 6.6 - 6.9 also depict that the efficiency of the field effect control ( I n ­
dependent) of y/d and Gslr is superior if the background salt concentration CKC1 and pH
are relatively low, and becomes inferior if they are relatively high. Because the 
nanochannel surface charge increases with increasing pH, a greater number of 
counterions electrostatically attracted to the channel surface, making the FET harder to 
tune its zeta potential and, accordingly, the streaming current (or conductance). On the 
other hand, the higher the salt concentration the thinner the EDL thickness, resulting in 
more counterions gathered in the vicinity of the nanochannel wall and, therefore, a 
stronger lateral equilibrium electric field to reduce the tuning performance of the FET.
Note that regardless of the level of Vg , an apparent local maximum of \y/d | as pH 
varies is predicted in the high pH regime at low salt concentration CKC1 =0.1 mM (Figure 
6.6a), but \vd\ increases monotonically with increasing pH at relatively high salt 
concentration CKC1 =100 mM (Figure 6.6b). Similar behaviors of Gstr can be observed
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in Figures 6.7a and 6.7b, implying that the pH dependence of the streaming conductance 
in the gated silica nanochannel is primarily dominated by its modulated zeta potential 
behavior. As described previously, an increase in the solution pH results in an increase in
|cr| and, therefore, \vd\- However, an increase in the solution pH, when it deviates
significantly from 7, also leads to an increase in the ionic strength, yielding a thinner
EDL. If the behavior of y/d is dominated by the effect of an increase in the ionic strength,
which becomes apparent at sufficiently high pH and sufficiently low CKC1, \y/d\
decreases accordingly, as depicted in the high pH regime of Figure 6.6a.
Figures 6.6 - 6.9 depict that the electroviscous effect, as expected, dents the 
streaming conductance ( Gslr) of the gated silica nanochannel and that effect on Gstr is
highly dependent up its modulated zeta potential (y/d) by the FET. In general, the larger
the magnitude of the zeta potential, \if/d | , the more significant is the electroviscous effect
on Gslr. For example, if Vg < 0 V , the difference of Gslr with (symbols) and without
(lines) considering the electroviscous effect is larger for lower CKC1, moderate pH, and
larger |f^ |, as shown in Figures 6.7a, 6.7b, 6.9a, and 6.9b. A maximum relative
percentage reduction of Gslr between the results with and without considering the 
electroviscous effect is about 31 % for the considered conditions in Figures 6.6 - 6.9. 
Note that if modulated \if/d\ is sufficiently large, the qualitative behavior of Gstr with 
considering the electroviscous effect is different from that without considering the 
electroviscous effect. For example, if the electroviscous effect is neglected, Gstr shows a
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local maximum as pH varies for Vg = -5  V and -10 V in Figure 6.7a (dashed and solid
lines, respectively), while it has two local maximum if the electroviscous effect is taken 
into account (spheres and squares). From Figures 6 . 6  - 6.9, it is worth concluding that for 
the case where the zeta potential is sufficiently high, neglecting the electroviscous effect 
on the estimation of the streaming current in nanofluidics, usually assumed in the 
literatures [3, 6 , 8 , 6 8 , 248, 256, 266], is inappropriate and might result in an incorrect 
estimation for relevant ion transport phenomena.
6.4. Conclusion
Regulating the surface charge property and the streaming current/conductance, 
generated by a pressure-driven flow, in a regulated nanochannel by a field effect 
transistor (FET) is proposed and analyzed for the first time. To simply, fast, and 
accurately predict their surface charge property and the streaming current/conductance 
tuned by a FET, analytical expressions were derived, including implicit and explicit ones, 
taking into account practical effects such as multiple ionic species, surface chemistry 
reactions, and the electroviscous and Stem layer effects. Note that the present model 
neglects the overlapping of the electric double layers in the nanochannel and is only valid 
for monovalent species. The implicit analytical multi-ion model (MIM) is validated by 
comparing its predictions to the existing experimental results of the streaming 
conductance in the silica nanochannels of different channel heights. The closed-form 
analytical MIM based on the Debye-Hiickel approximation is extremely accurate when 
the magnitude of the zeta potential is less than the thermal potential, which often holds 
for high salt concentration in accordance with typical nanofluidics-based experimental 
conditions. The results clearly show that the streaming current/conductance of the gated
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silica nanochannel can be effectively controlled by field modulation of its zeta potential. 
The FET control performance of the zeta potential and the streaming conductance is 
significant when the solution pH and salt concentration are low. The electroviscous 
effect, reducing the streaming current/conductance of the gated nanochannel, is 
remarkable when the salt concentration is low, solution pH is moderate, and the applied 
gate potential is large because of a larger zeta potential stemmed. Neglecting the 
electroviscous effect might yield an incorrect estimation of streaming conductance to an 
order of ca. 31 %.
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CHAPTER 7
FET CONTROL OF CHARGE, EOF AND CONDUCTANCE IN 
NANOCHANNELS WITH OVERLAPPED EDLS
7.1. Introduction
Ion transport in nanofluidics [171, 206, 221, 222] has attracted much attention of 
scientific researchers due to its widespread applications ranging from biosensing [205, 
228, 230] to regulation of ion and molecular transport [225, 249,250]. This is due to the 
operation discipline in nanofluidics relying on analyzing the variations of ionic current 
(or conductance), stemming from different ion transport behaviors in nanofluidics. Many 
theoretical and experimental results demonstrated that these ion transport phenomena 
depend strongly on the surface charge property of the nanofluidic devices.
Recent studies revealed that nanofluidic field effect transistors (FETs) [4, 179, 180, 
232], including dielectric channel layers such as silicon dioxide (SiC>2) and aluminum 
oxide (AI2O3) and an electrically controllable gate electrode embedded beneath those 
layers, are able to actively tune the surface charge property of the nanochannel. 
Controlling the surface charge property of the nanochannel, in turn, controls the ion and 
fluid transport phenomena by regulating the gate potential imposed on the gate electrode. 
To improve the development of such gated nanofluidic devices, many theoretical efforts 
have been made on how to control the transport of ions, fluid, and nanoparticles in these 
FET-gated nanofluidic devices. However, these studies possesses several limited 
assumptions, such as a constant surface charge density on the nanochannel wall [182 - 
189], neglection of the electric double layer (EDLs) overlapping effects [176, 182, 190, 
192, 233], consideration of background ionic species only [176, 182 - 192, 252], and
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without considering the Stem layer effect [176, 182 - 189, 191, 192], The dielectric 
channel wall of the nanochannel in contact with aqueous solution typically reveals a 
charge-regulated nature [ 6 6  - 69, 253]. implying that its surface charge property is highly 
dependent on the local proton concentration. Moreover, in FET-gated nanofluidic 
devices, the characteristic size of which is typically smaller than 30 nm [179, 181, 252, 
267 - 269], the overlap of EDLs is significant. Neglecting the EDL overlapping effect in 
the nanochannel might result in an incorrect and unrealistic estimation in its surface 
charge property and the relevant electrokinetic transport phenomena. Therefore, 
developing a more general and realistic model to elaborate experimental observations in 
relevant gated nanofluidic devices is highly desirable.
In this study, field effect control of the surface charge property and ionic 
current/conductance in a pH-regulated nanochannel are investigated taking into account 
the EDL overlapping, multiple ionic species, surface chemistry reactions on the dielectric 
channel wall, the Stem layer, and the electroosmotic flow (EOF) effect, most of which 
have practical significance and are often neglected in previous relevant gated nanofluidic 
studies [176, 182 - 192, 233]. Analytical expressions are derived to predict the surface 
charge property and the ionic conductance in the nanochannel as functions of the applied 
gate potential and the background salt concentration and pH. Because most of the 
practical effects are considered, our analytical MIM provides better insight into the 




As schematically shown in Figure 7.1, a long nanochannel of length L , width W , 
and height H  connected to two large reservoirs is filled with an electrolyte solution 
containing N  types of multiple ionic species. The nanochannel is made of dielectric 
material with thickness 8  and relativity permittivity ed. Suppose that both L and W 
are much larger than H . Two gate electrodes are embedded on the two outside walls of 
the nanochannel, and a gate potential Vg perpendicular to the nanoslit surface is applied.
Suppose that that nanochannel surface possess dissociable functional groups MOH in 
contact with aqueous solution. Therefore, the following two main 
protonation/deprotonation reactions, MOH MO- + H+ and MOH + H+ <-> MOH2+,
are considered on the nanochannel surface, and we assume that the surface charge density 
is homogeneous at the liquid/solid interface. The rectangular coordinates x and y  with the 
origin located at the center of the nanochannel is adopted, and a uniform electric field 
Ey = V / L is applied across the nanochannel to drive the electroosmotic flow (EOF) in
y-direction. Assuming the EOF if fully developed within the nanoslit, the ions and liquid 
within the Stem layer are immobility, and the Stem layer/diffusive layer interface is no­
slip. Based on the above, the electrostatic and flow characteristics are identical in y- 





Figure 7.1. Schematic depiction of the field effect control of the zeta potential (y/J) and the ionic 
current in a pH-regulated nanochannel containing multiple ionic species, H+ K+ Cl' and OH'. Ve is 
the gate potential imposed on the gate electrode and y/s is the surface potential stemming from the 
surface chemistry reactions of functional groups on the nanochannel wall. Ions inside the Stem 
layer are immobile and of surface capacitance Cs, and 5 is the thickness of the dielectric channel 
layer.
To simulate experimental conditions, it is assumed that the background salt is KC1 
and pH is adjusted by HC1 and KOH, implying that four kinds of ionic species (i.e.,
A" = 4), including K+, Cl", H+ and OH” , are considered. Let C(0 ( i = 1, 2, 3, and 4) be 
the bulk concentrations of these ions. Electroneutrality results in [226, 242] CI0 = CKC1, 
C 20 = C k c i  + 1 ° (’pH) - 1 0”(14”pH), C3 0 =10(”pH), and C40 = 10”(,4”pH) for p H < 7 ;
C10 = CKCI - 1 0(”pH) +10”(,4”pH), C20 = CKC1, C30 = 10(”pH), and C40 = 10”(14”pH) for pH > 7. 
Here CKC1 is the background salt concentration of KC1.
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The electric potential distributions in the nanochannel can be described by




— — = 0 within the Stem layer of the thickness <$,—» ()( H /2  - S s < x<  H /2  ), (7 .2 )
dx
—y- = — within the liquid phase (0  < x < H / 2 - 8 s), 
dx s0ef
(7.3)
where </>, (p and y/ are electric potentials distribution within the dielectric layer, Stem 
layer and diffusive layer, respectively; S  and 8S are thicknesses of dielectric and Stem 
layer, respectively; s0 and ef  are the permittivity of vacuum and the relative permittivity 
of the aqueous electrolyte solution, respectively; p e is mobile space charge density, 
which can be depicted as
where y/c is the central electrical potential of the nanochannel; F is Faraday constant; z, 
is the valence of the ith ionic species; R and T are the universal gas constant and 
absolute temperature, respectively; Cjc is the center concentration of the z'th ion, and can 
be expressed by
where y/0 = 0 is the electrical potential in the reservoirs and Ci0 is the /th ionic 
concentration in the reservoirs.
(7.4a)
(7.4b)
Substituting Equations (7.4a) and (7.4b) into Equation (7.3) yields
—s in h  y/
dx eQef  eQ£f  \  RT
(7.4c)
where C0 = C10 + C30 = C20 + C40 and z = z, = - z 2 = z3 = —z4 = 1.
Assuming the flow field is fully developed, the EOF velocity profile can be
described by
d \  p  E rr/^ e
— Y  = ------ - within the liquid phase ( 0 < x < H /2  -  Ss), (7.5)
dx p
where uy is the EOF velocity, and p  is the dynamic fluid viscosity.
Assuming ions inside the Stem layer is immobile, the boundary conditions for 
Equations (7.1) - (7.3) and (7.5) are
At the outer side surface of the dielectric layer (x -  H /2  + 8 ),
$ = vg- (7.6)
At the dielectric layer/Stem layer interface ( x = H j l ),
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At the Stem layer/diffuse layer interface ( x  = H /2  — 8S),
<P = V  = Vd, (7.8a)
d(p dif/ A
£oPf  , "*"̂ o£f  j > (7.8b)dx dx
uy = 0 , (7.8c)
At the center of the nanoslit ( x = 0 ),
d w  A
—  = 0 and V  =y/c , (7.9a)
dx
duv
—^ = 0 . (7.9b)
dx
In the above, y/s and y/d are the surface and zeta potentials of the nanochannel, 
respectively.
The solutions to Equations (7.1) and (7.2) subject to Equations (7.6), (7.7a), and 
(7.8a) are
2  8ij/s +hy/s -h V g y/s - V g 
28 8
x ,  (7.10)
If we let surface capacitance of the Stem layer Cs = £0sf  /  Ss and the charge density of 
the diffusive layer crd = - s Qsf dy/ / dx _ g ■ n = s0s f dif/ / dx ^  g < 0 , then
x = H /2 -S s
substituting Equations (7.10) and (7.11) into Equations (7.7b) and (7.8b) gets
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£o£d ^ - z  Cs(y/s -y fd) = -crs ,
-C,(V's - V <1) + <Td = 0.




dx s ig n (^ )
[4RTC0
V £ol
cosh f  Fl / / ) — cosh ( F r A ]
[ r t J I R T  ) \ ( k l< H > »  (7 J4 >
where s ig n (^ ) = 1 for ^  > 0 and s ig n (^ ) = - 1  for y/d < 0. Solving Equation (7.3) 
subject to Equations (6 .8 a) and (6.9a), one yields [177, 270]
2 RT (7.15)
where cd(l\m) is a Jacobian elliptic function of argument I and parameter m , which 
are, respectively, defined by
1 KX
2exp(Fy/c/(2RT))  ’ 
/w = exp(27^/c/ ( /? r ) ) ,
(7.16a)
(7.16b)
where k  1 = A.D = e0ef RT  / 2000z 2F 2C0 is the Debye length. Therefore, the charge 
density of the diffusive layer can be described by
a d = signer,) 4e0ef RTC0 cosh Ftf/ i
RT




From Equations (7.9a) and (7.16), the relationship between iyd and y/c is
^ = r ( « / 2 - « , )  = ^ + ^ l n ( c r f [ / ( A r  = /f /2 -a ,) |m ])  (7.18)
According to charge-regulated nature o f the dielectric layer surface with MOH 
functional groups, the surface charge density of the nanochannel a s can be expressed as 
[176, 233]
<r=-FN,
k a - k b C30exp Fys
RT
total
Ka +C 30 exp Fys
RT
\+k d C30 exp Fy,
RT
- |2 (7.19)
where NlotaI is the total number site density of the dissociable functional group MOH on 
the nanoslit surface, and KA and KB are the equilibrium constants of the 
protonation/deprotonation reactions, respectively.
Substituting Equations (7.17) and (7.19) into Equations (7.12) and (7.13), one gets
* 0  ed-
V - wg  r  s
total
k a - k b C30 exp
\
F y .  V
RT )
2
(  Fu/^ + C 30exp + Kb
\  /




sign (y/rf)^ 4000e0s f RTC0 \ 0j E y ± ) , C0Sh( F y ,
{ RT ) { RT = c,(y,  -Vd)
(7.21)
Equations (7.18), (7.20) and (7.21) are implicit analytical expressions, based on 
which if/s , ij/d and y/c can be obtained. Therefore, electric potential distributions, <f>, (p,
142
y / , ad, and a s can be obtained by Equations (7.10), (7.11), (7.15), (7.17) and (7.19), 
respectively.
Based on the obtained ysd, the EOF velocity can be by [233]
Uy =- e- ^ H w - v A , (7.22)
Assuming there is no pressure and concentration gradients through the nanochannel, 
the ionic current through the nanochannel can be evaluated by
/  = 2000W Jo (peuy)dx + 
=  / . . + /
2 WF1 






where D, is the diffusivity of the zth ionic species; /„ and Ic are convective current and 
electromigrative current, respectively, and can be explicitly obtained by
%OOWe0sf EyRTC0 (•H /2
cosh
J o
F y /V  H  ( Fy/_dx  cosh ——




(£>,C,0 + £>,CM)Jo'"2(̂ exJ  ^
R T , j
w
dx
+(AC» + AC«)) |o'"2̂ exp[^- dx
(7.25)
Based on the obtained y/c from Equations (7.18), (7.20) and (7.21), the total ionic 
current can be evaluated by Equations (7.23) - (7.25), and then the corresponding ionic 
conductance G = I I V  . Note that in the model, many real physical processes including
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surface charge regulation, Stem layer, and pH effects are considered, and the model is 
suitable for FET nanochannels no matter the EDLs are overlapping or not.
7.3. Results and Discussion
7.3.1. Verification by Experimental Data
Our analytical MIM is first verified by fitting it to the experimental data of Cheng 
and Guo [9], where the ionic conductance (G ) in a silica nanochannel of height 
H  = 18.7 nm, W = 12.5 / jm , and L — 60 fjm  was conducted for the background salt
concentration CKC1 ranging from 10_6~1 M. Because the EDL thickness under
considered CKC1 is apparently larger than the nanochannel height, the EDL overlapping
effect inside the nanochannel is significant and should not be neglected. For comparison, 
both results with (solid line) and without (dashed line) considering the EDL overlapping
effect are presented. The ionic diffusivities D, (K +), D2 (C L ), D3 (H +), and D4 (OH"
) are 1.96xl0"9, 2.03xl0"9, 9.31xl0"9, and 5.30xl0"9 m2/s, respectively [243]. Figure
6.2 shows that the analytical MIM with considering the EDL overlapping effect (solid 
line) is capable of describing the general trend of the experimental data of Cheng and 
Guo [9]; however, that without considering the EDL overlapping effect (dashed line) is 
not. Due to the significant overlapping of EDLs in the nanochannel at the low salt 
concentration, its central electric potential ( y/ c) is not zero and, therefore, the results of
G with considering EDL overlapping effect deviate apparently from those without 
considering EDL overlapping. The fitted values of Nlolal = 8  sites/nm2, p 6.1,
vKb = \, Cs =1.8 F/m2, and the resulting isoelectric point (IEP = 2.55) of the 
nanochannel made of silica are also consistent with those reported in the literatures (e.g.,
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Cs = 0 .15 -2 .9  F/m2, Nlolal = 3 .8 -8  sites/nm2, pKA = 6 ~ 8 , pKg = 0 ~ 3, and 
IEP = 2 -3 .5 )  [6 , 8 , 6 8 , 244]. Note that G  shows a local minimum as CKCI varies in the 
low region of CKC1. Apparently, this interesting behavior can be well described by the 
analytical MIM, as shown in Figure 6.2. Therefore, the predicted values of 
N,otai = 8  sites/nm2, pK j  6.1, p K f  1, and Cs = 1.8F/m 2 are used in the following 
discussions. For illistration, the geometry of the gated nanochannel is fixed at 
H  = 10 nm, W = 2.5 /m i, L = 60 /m i, and e) = 30 nm.
"  w/ EDL overlap -
 w/o EDL overlap ;
. n .n .l » * »   -l .............
10'3 10'2 10 ' 1( 
CKa<M)
Figure 7.2. Dependence of the conductance (G) in a silica nanochannel on the background salt 
concentration CKci- Symbols denote the experimental data of Cheng and Guo [9] at H= 18.7 nm, 
W= 12.5 fim, L- 60 [xm, and pH = 5. Solid and dashed lines denote the analytical MIM results at 
N,otai ~ 8 sites/nm2, pKA = 6.1, pKB = 1, and Cs = 1.8F/m2 with and without considering the EDL 
overlapping effect, respectively.
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7.3.2. Influence of Solution pH
Figures 7.3 - 7.5 depict the field effect modulation of the zeta potential (t//d), the
surface charge density ( a s ), and the ionic conductance (G )  of the nanochannel at
various levels of pH. For comparison, both results with (symbols) and without (lines) 
considering the EDL overlapping effect inside the nanochannel are presented. As 
expected, Figure 7.3 shows that the zeta potential of the nanochannel can be regulated 
from negative to positive with the applied gated potential, Vg , ranging from —20 to 20
V, exhibiting a field effect control behavior. In addition, y/d, crs , and G can be 
modulated by pH, showing a typical pH-regulated nature of the silica nanochannel.
-20 -10 0 10 20
Figure 7.3. Zeta potential y/j, as a function of the applied gate potential Vg for various pH at the 
background salt concentration Ckci = lO^M. Symbols and lines denote the results with and 
without considering the EDL overlapping effect, respectively.
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It is worth noting in Figure 7.4 that at pH = 4 crs turns from negative to positive at a 
sufficiently negative value of Vg . This is because the surface charge density of the 
nanochannel at pH = 4 is very small, it is much easiler to regulate its zeta potential using 
a FET. If the gate potential is applied negatively to a certain degree, the negative zeta 
potential of the nanochannel increases significantly (Figure 7.3) and, therefore, more 
counterions are condensed on the nanochannel wall. If the surface pH (= -lo g [H +]s) of 
the nanochannel is lower than its IEP (i.e., 2.55), a s , therefore, changes from negative to 
positive.
-20 -10 0 10 20 
Figure 7.4. Surface charge density as a function of the applied gate potential Fg for various pH at
the background salt concentration CKci = lO^M. Symbols and lines denote the results with and
without considering the EDL overlapping effect, respectively.
It is interesting to note in Figure 7.3 that the difference in y/d between the results 
with and without considering the EDL overlapping effect in the nanochannel is 
unremarkable when Vg is significantly negatively applied and positively applied at low
pH, and at high pH regardless of the values of Vg . These behaviors can be explained as a
consequence of the following reasons. If the zeta potential of the nanochannel is 
significantly larger (e.g., higher pH and/or larger negative V ), a greater number of
counterions concentrated on its wall surface, resulting in a thinner EDL thickness and, 
therefore, a less apparent EDL overlapping effect. Moreover, if the gate potential is 
imposed positively on the gate electrode, the magnitude of the zeta potential of the 
nanochannel decreases and, therefore, its central potential decreases accordingly. This 
results in an insignificant EDL overlapping effect. Similar behaviors of G  can be found 
in Figure 7.5 because the ionic conductance of the nanochannel is primarily dominated by 
its zeta potential. Figure 7.5 also shows that the results of G with considering the EDL 
overlapping effect are apparently larger than those without considering. This arises from 
in the former case a greater number of counterions condensed inside the charged 
nanochannel, yielding a larger ionic conductance. Note that under the considered 
conditions taking the EDL overlapping effect into account at pH = 4 and Vg = -2  V
yields ca. 29% in y/d (Figure 7.3) and 114% increase in G (Figure 7.5). These imply that
neglecting the EDL overlapping effect might result in an apparent and unrealistic 
estimation in the ionic conductance in the gated nanochannels and, therefore, wrong 




Figure 7.5. Nanochannel conductance G as a function of the applied gate potential Fg for various 
pH at the background salt concentration Ckci = lO^M. Symbols and lines denote the results with 
and without considering the EDL overlapping effect, respectively.
Figure 7.6 shows the variations of the ionic conductance, G , of the nanochannel as a 
function of pH for various levels of the applied gated potential Vg . Symbols and lines 
represent the results with and without considering the EDL overlapping effect, 
respectively. Figure 7.6 reveals that the difference of G  between above two cases is 
small when the pH is sufficiently low and high, and |)F | is large. Typically, the surface
charges of the silica nanochannel increase as pH increases [69, 176], thus attracting more 
counterions gathered inside the charged nanochannel. This results in a thinner EDL 
thickness and, therefore, an insignificant EDL overlapping effect. Note that an increase in
|Fg| also leads to the same effect of increasing pH. On the other hand, if pH is
sufficiently low, although the surface charges of the silica nanochannel are small, a 
significant deviation of pH from 7 also results in an decrease in the EDL thickness due to
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A F = - 2 0 V
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•  V=-  10 V*
■ v =  ov
3 5 9
Figure 7.6. Nanochannel conductance G  as a function o f  pH for various applied gate potential Vg 
for various applied gate potential Vg at the background salt concentration CKci=0.1mM. Symbols 
and lines denote the results with and without considering the EDL overlapping effect, 
respectively.
7.3.3. Influence of Background Salt Concentration
Because the difference in the ionic conductance of the nanochannel between the 
results with and without considering the EDL overlapping effect is significant when pH is 
medium low, the solution pH is fixed at 3.5 to investigate the salt concentration effect. 
Figures 7.7 - 7.9 illustrate the field effect regulation of the zeta potential (ysd), the surface
charge density ( a s), and the ionic conductance ( G ) of the nanochannel at various levels 
of the background salt concentration, CKCI. Symbols and lines denote the results with and 
without considering the EDL overlapping effect inside the nanochannel, respectively. As
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expected, the field effect control efficiency is significant when the salt concentration is 
low. Figures 7.7 - 7.9 show that the differences in y/d, crs , and G between the above two
cases are significant when the salt concentration is low and/or the gate potential is 
slightly negatively applied. The former is because the lower the salt concentration the 
thicker the EDL thickness and, therefore, the more significant is the EDL overlapping 
effect. The latter can be explained by the same reasoning employed in Figures 7.3 - 7.5. 
Note that the maximum relative percentage differences of y/d, a s , and G between the 
results with and without considering the EDL overlapping effect, calculated by 
PD = |[ A(w /) -  A(w/ o)] / A(w/ o)| x 100% where A = y/ d, crt , and G , are, respectively,
ca. 36.7% (Figure 7.7), 202% and 102% (Figure 7.9) at CKC1 = 10^ M and Vg = -2  V .
These imply neglecting the EDL overlapping effect inside the nanochannel is unable to 





-20 -10 0 10 20
Figure 7.7. Zeta potential as a function of the applied gate potential Vg for various background 
salt concentrations C kci at pH = 3 .5 .  Symbols and lines denote the results with and without 








-20 -10 0 10 20
Figure 7.8. Surface charge density a, as a function of the applied gate potential Vg for various 
background salt concentrations CKci at pH = 3.5. Symbols and lines denote the results with and 
without considering the EDL overlapping effect, respectively.
-20 -10
Figure 7.9. Nanochannel conductance G as a function of the applied gate potential Ve for various 
background salt concentrations CKci at pH = 3.5. Symbols and lines denote the results with and 
without considering the EDL overlapping effect, respectively.
Figure 7.10 depicts the variations of the ionic conductance, G , of the nanochannel as 
a function of the background salt concentration, CKC1, for various levels of the applied 
gated potential Vg . For comparison, both results with (symbols) and without (lines)
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considering the EDL overlapping effect inside the nanochannel are presented. Figure 7.10 
clearly shows that the difference of G between above two cases is large when is
low and |L | is large. The former is expected and the latter can be explained by the same 
reasoning employed in Figure 7.6. It is interesting to note that the nanochannel 
conductance shows a local minimum in the low regime of CKa, especially when the FET 
is active (i.e., Vg * 0). This can be attributed to a significant EOF effect when the gate
potential is negatively applied and the salt concentration is sufficiently low. In this case, 
the magnitude of the zeta potential of the nanochannel is large, as shown in Figure 7.7, 
resulting in a higher EOF velocity and, therefore, the ionic conductance.
k A  A  ▲ A  ▲ A  A
A F = - 2 0 V
g
•  V = -  10 V
lO'6 10'5 10'1 10°
Figure 7.10. Nanochannel conductance G as a function of the background salt concentration Ckci 
for various applied gate potential Vg at pH = 3.5. Symbols and lines denote the results with and 
without considering the EDL overlapping effect, respectively.
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7.4. Conclusions
For the first time, analytical expressions for predicting the surface charge property and 
the ionic current/conductance in a pH-regulated gated nanochannel with considering the 
electric double layer (EDL) overlapping effect have been developed and validated. In 
addition to the overlap of EDLs in the nanochannel, practical effects of the presence of 
multiple ionic species, surface chemistry reactions on the nanochannel wall, the Stem 
layer, and the electroosmotic flow (EOF) effect are also taken into account. The model is 
validated by comparing its prediction to the existing experimental data of the ionic 
conductance in a narrow silica nanochannel. An apparent local minimum of the ionic 
conductance is found at low salt concentration for the case where the EDL overlapping is 
taken into account. The results gathered show that the difference between the results 
considering and neglecting the EDL overlapping effects is remarkable when the salt 
concentration and pH are low, and the applied gate potential is negatively applied and its 
magnitude is not too high. A maximum difference in the ionic conductance of the 
nanochannel between the above two cases can be on the order of 114 %, implying that 
neglecting the EDL overlapping effect inside the nanochannel is unable to describe 
correct ion transport phenomena in gated nanofluidics.
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Chapter 8 
CONCLUSIONS AND FUTURE WORK
At least one dimension of the nanofluidic devices ranges from 1 nm to 100 nm, 
which is the same order of magnitude as the Debye length, the size of biomolecules such 
as DNA and proteins, and the slip length. Such unique geometry feature provides 
nanofluidics an ever-growing list of applications for [271 - 274], drug delivery [150, 151, 
275], water purification [88, 105, 166, 276], energy harvest [92, 277, 278], public health 
and welfare [279 - 282]. Electrokinetic transport phenomena play very important roles in 
the aforementioned applications. For example, in the nanopore-based DNA sequencing 
technology, a single DNA electrophoretically translocates through a short small nanopore 
under an external electric field imposed along the axial direction of the nanopore. The 
translocating DNA perturbs the ionic current flowing through the nanopore. The change 
in the magnitude of the ionic current through the nanopore depends on the single 
nucleotides (bases) passing through the nanopore. Therefore, the amount of current 
passing through the nanopore at any given moment can be used to detect whether the 
nanopore is blocked by an A, a C, a G or a T or a section of DNA. Electroketic transport 
phenomena including electrical double layer, electroosmosis, and electrophoresis are 
involved in this process.
This dissertation conducts fundamental studies of various electrokinetic transport 
phenomena in nanofluidics including electrical double layer, electroosmotic flow, ionic 
current/conductance under an external electric field, and streaming current and 
conductance driven by an external pressure field. Special emphasis in this dissertation is 
afforded to the role of surface chemistry and field effect control of the aforementioned
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electrokinetic transport phenomena occurring within the confined nanoscale systems. In 
contrast to full numerical simulations of the electrokinetic transport phenomena in 
nanofluidics conducted in most studies available in the literature, this dissertation aims to 
develop analytical or approximate models which can be easily used for design of the next 
generation nanofluidic devices. The developed models are validated by comparing their 
predictions with experimental data available from the literature.
8.1 Conclusions
Main conclusions of the dissertation include
(1) An analytical model for the field effect control of the surface charge properties of 
pH-regulated nanochannel walls and electroosmotic flow in a nanoslit has been 
developed for the first time with the consideration of the surface chemistry. The 
predicted zeta potentials agree with the experimental data available in the 
literature.
(2) Charge properties of the nanochannel wall can be tuned by pH, background salt 
concentration, and the gate potential of the FET. The field effect becomes more 
sensitive when the pH is low and/or the bulk electrolyte concentration is dilute.
(3) Both the magnitude and direction of the electroosmotic flow between two parallel 
plates can be tuned by the FET. One can use the FET technology to enhance the 
electroosmotic flow in the applications of electroosmotic pump. In the DNA 
sequencing technology, one can use the FET to enhance the electroosmotic flow 
within the nanofluidic devices, and accordingly slows down the translocating 
DAN within the nanopore to improve the detection resolution.
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(4) An analytical model for the ionic current flowing through a nanoslit gated by FET 
is developed for the first time with considering the practical effects of surface 
chemistry reactions, multiple ionic species, Stem layer, and the electroosmotic 
flow. The model is validated by comparing its predictions to the existing 
experimental data of the ionic conductance in silica nanochannels.
(5) FET control of the ionic current/conductance is more significant when the 
background salt concentration and pH are low.
(6) As the salt concentration decreases, the ionic conductance first decreases, and 
attains a minimum at a critical salt concentration. Below the critical salt 
concentration, ionic conductance increases when the salt concentration further 
decreases. The predicted results agree with recent experimental observation 
reported in the literature. The increase in ionic conductance with a decrease in the 
salt concentration is attributed to a significant electroosmotic flow effect due to 
high zeta potential at very low salt concentration.
(7) In the absence of FET, the Stem layer effect on the ionic conductance is 
negligible. However, in the presence of FET, the Stem layer effect on the ionic 
conductance is significant at low salt concentration and becomes insignificant at 
high salt concentration regardless of the solution pH.
(8) An analytical model for streaming current/conductance generated by a pressure- 
driven flow in a nanoslit is developed without considering the electroviscous 
effect. The model takes into account the surface chemistry reactions, Stem layer, 
multiple ionic species, and the field effect except the electroviscous effect. The 
model is validated by comparing its predictions to the existing experimental data
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of the streaming conductance in the silica nanochannels with various channel 
heights.
(9) The dependence of the streaming conductance in the gated silica nanochannel on 
the solution pH is consistent with the dependence of the zeta potential. However, 
that dependence on the salt concentration might be different from the dependence 
of the zeta potential, depending on the levels of the solution pH and the gate 
potential. For example, for relatively high solution pH, the magnitude of the zeta 
potential of the nanochannel increases with decreasing background salt 
concentration, but the streaming conductance increases first and then decreases 
(or exhibits a plateau) with a decrease in the salt concentration.
(10) Due to the ion concentration polarization induced by the motion of the ions with 
the pressure-driven flow, concentration of the counterions in the downstream of 
the nanochannel is higher than that in the upstream of the nanochannel, inducing 
an electric field, the direction of which is opposite to that of the applied pressure- 
driven flow. The interaction between the net charge within the nanochannel and 
the induced electric field generates an electroosmotic flow. The direction of the 
induced electroosmotic flow is opposite to that of the applied pressure driven 
flow. The previous model on the streaming current/conductance without 
electroviscous effect does not consider the induced electric field and the resulting 
electroosmotic flow and its effect on the current. An analytical model for the 
streaming current taking into account the electroviscous effect is developed and 
verified. Under the same conditions, predictions from the models with/without the 
electroviscous effect are compared. The model with the electroviscous effect is in
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better agreement with the experimental data than that without the electroviscous 
effect.
(11) The electroviscous effect, reducing the streaming current/conductance of the 
gated nanochannel, is remarkable when the salt concentration is low, solution pH 
is moderate, and the applied gate potential is large because of a larger zeta 
potential. Neglecting the electroviscous effect might yield an incorrect estimation 
of streaming conductance to an order of ca. 31%.
(12) The previous analytical models for charge properties, electroosmotic flow, ionic 
current/conductance, and streaming current/conductance do not consider the 
overlapping of the electrical double layers in the vicinity of the parallel channel 
walls. Double layer overlapping becomes significant when the salt concentration 
is relatively low. The previous models for charge properties, electroosmotic flow, 
and ionic current/conductance in a nanoslit are further extended to include the 
double layer overlapping. The extended model takes into account the most 
practical effects of multiple ionic species, surface chemistry reactions, Stem layer, 
electroosmotic flow, and the double layer overlapping effect. The model is 
validated by the existing experimental data of the ionic conductance in the silica 
nanochannel with significant double layer overlapping effect.
(13) The difference between the models with and without considering the double layer 
overlapping effect is significant when the salt concentration and pH are low.
8.2 Future Work
The methodology developed in this dissertation can be extended to the following 
future works:
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(1) This dissertation developed and validated analytical models for charge properties 
of a planar surface, electroosmotic flow, ionic current/conductance, and streaming 
current/conductance in a nanoslit. The considered nanochannel geometry is a 
straight nanochannel with rectangular cross section, and its width is also assumed 
to be much larger than its height. In many nanofluidic applications, the geometries 
of the nanofluidic devices are cylindrical nanopores [92, 195, 283, 284] or conical 
nanopores [170, 283, 285, 286]. Therefore, developing analytical models for the 
above electrokinetic transport phenomena in cylindrical or conical nanopores is 
one of the future works to be conducted.
(2) Although multiple ionic species are considered in the studies of the dissertation, 
only monovalent ions, such as H+, OH', K+ (or Na+), and CT ions, are considered. 
Multi valent ions such as Ca and Mg are not considered in the studies. Many 
existing studies demonstrated that the presence of multivalent ions might even 
reverse the charge properties of dielectric objects immersed in a multivalent 
electrolyte [287 - 291]. Extension of the models developed in this dissertation to 
take into account multivalent ions is another future work.
(3) The studies in this dissertation only considered H+, OH', and ions from the 
background salt such as K+ and Cl'. Buffer solution is not considered in these 
studies. When pH significantly deviates from 7 at very low salt concentration, 
usually buffer solution, such as tris(hydroxymethyl)aminomethane, HEPES (4-(2- 
hydroxyethyl)-l-piperazineethanesulfonic acid ), phosphate-buffered saline 
(PBS)[292 - 295], is added into the solution to maintain the solution pH.
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Extension of the developed models to take into account the species from the 
buffer solution is also part of the future work.
The current models are only valid in the absence of an (bio)particle such as DNA and 
nanoparticle inside the nanochannel. Sensing and detection o f the bioparticle are achieved 
based on the difference of the currents with and without the bioparticle inside the 
nanochannel [296 - 300]. Therefore, one future work will be extension of the developed 
models by including the bioparticle inside the nanochannel, and the new model will be 




Table A.I. The variables and parameters used in this dissertation.
V ariables/Parameters Description
C0 bulk concentration of cations or anions
C, 0 bulk concentration of the ith ion
c KC1 bulk salt concentration
C, surface capacitance of the Stem layer
A ionic diffusivity of the ith ion
E applied electric field
E s,r streaming electric field
F Faraday constant
G Conductance of the nanochannel
Gstr streaming conductance of the nanochannel
I
h ,  K
ionic current through the nanochannel 
ionic currents contributed from the convective and the 
electromigrative
I S,r
k a , k b
streaming current through the nanochannel 
equilibrium constants of dissociation and association
reactions
I, h,  w Length, height, and width of nanochannel
N total number of ionic species present in the solution











V potential bias across the nanochannel
V* gate potential
z i valence of the ith ionic species
£o absolute permittivity in vacuum
e relative permittivity
P fluid density
Pe mobile space charge density
V,  <t>, <p electric potential distribution
Vs surface electrical potential
v d, G zeta potential
Vc central electrical potential
K Debye length
K Debye-Hiickel parameter
P dynamic viscosity of fluid
1 electrophoretic mobility
S thickness of dielectric layer
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Table A.I. (continued)
Ss thickness of the Stem layer
<rs surface charge density
crd surface charge density of the diffuse layer
T surface site densities
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